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Abstract

Objective. Cobalt and chromium (CoCr) ions from metal implants are released into the joint due to biotribocorrosion,
inducing apoptosis and altering gene expression in various cell types. Here, we asked whether CoCr ions concentration-
dependently changed viability, transcriptional activity, and inflammatory response in human articular chondrocytes. Design.
Human articular chondrocytes were exposed to Co (1.02-16.33 ppm) and Cr (0.42-6.66 ppm) ions and cell viability
and early/late apoptosis (annexin V and 7-AAD) were assessed in 2-dimensional cell cultures using the XTT assay and
flow cytometry, respectively. Changes in chondrocyte morphology were assessed using transmitted light microscopy.
The effects of CoCr ions on transcriptional activity of chondrocytes were evaluated by quantitative polymerase chain
reaction (qQPCR). The inflammatory responses were determined by measuring the levels of released pro-inflammatory
cytokines (interleukin-18 [IL-1f], IL-6, IL-8, and tumor necrosis factor—a. [TNF-a]). Results. CoCr ions concentration-
dependently reduced metabolic activity and induced early and late apoptosis after 24 hours in culture. After 72 hours, the
majority of chondrocytes (>90%) were apoptotic at the highest concentrations of CoCr ions (16.33/6/66 ppm). SOX9
expression was concentration-dependently enhanced, whereas expression of COL2A[ linearly decreased after 24 hours.
IL-8 release was enhanced proportionally to CoCr ions levels, whereas IL-1f3, IL-6, and TNF-a levels were not affected
by the treatments. Conclusions. CoCr ions showed concentration- and time-dependent effects on articular chondrocytes.
Fractions of apoptotic articular chondrocytes were proportional to CoCr ion concentrations. In addition, metabolic
activity and expression of chondrocyte-specific genes were decreased by CoCr ions. Furthermore, exposure to CoCr ions
caused a release of pro-inflammatory cytokines.
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selection, preexisting cartilage damage, and alignment
overcorrection,’ biotribocorrosion, and its byproducts might

Introduction

Cobalt-chromium-molybdenum (CoCrMo) alloys are com-
monly used in orthopedic implants, for example, in knee

arthroplasty and partial surface replacement.'”
Unicompartmental knee arthroplasty (UKA) is a treat-
ment option for medial and lateral tibiofemoral osteoarthri-
tis. UKA is a less invasive operation than total knee
arthroplasty; it allows shorter recovery time and may pro-
vide less postoperative pain. However, the cumulative revi-
sion rate for UKA is significantly higher than that for total
knee arthroplasty, and it has not improved over the last
decades.’ Secondary to aseptic loosening, revision surgery
because of osteoarthritis progression is necessary in up to
27% of cases.” The mechanisms of this progression and
subsequent breakdown of the contralateral compartment
remain poorly understood.”® Despite appropriate patient
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also play a role in the degeneration of the contralateral
compartment.

Biotribocorrosion is a surface degradation mechanism
that combines tribology and corrosion in a biological envi-
ronment. CoCr implants undergo biotribocorrosion,’ and
produce metal ions in low quantities even in contact with
a much softer counterpart like articular cartilage.'"’ We
recently demonstrated increased biotribocorrosion with
higher loads and sliding velocities. Co and Cr ions might
be released into synovial fluid in low quantities after par-
tial surface replacement or UKA."" Furthermore, Co and
Cr containing compounds are deposited on the surface of
articular cartilage.’

Wear and corrosion of orthopedic implants are impor-
tant causes of failure in joint arthroplasty.'> Metal-on-
metal bearings have been associated with local soft tissue
inflammation.'>"* This local adverse tissue reaction and
subsequent loosening of orthopedic implants have been
under intense research scrutiny.'* Therefore, in-depth stud-
ies regarding the toxicity mechanisms of independent metal
particles in different cells (e.g., macrophages and osteo-
blasts) have been performed.'>'® Many studies have inves-
tigated effects of wear debris of CoCrMo alloys on various
cells.'”" Scientific evidence regarding both local and sys-
temic toxicity of these metal particles and ions has been
obtained from in vitro and in vivo studies.'**” Co and Cr are
biologically reactive metals with various adverse effects.”'
In vitro studies examining cytotoxic effects of Co and Cr
ions, wear debris, and particles have indicated that corro-
sion is a vital aspect of the mechanism that causes the
release of Co ions and the inflammatory response caused by
macrophages before cell death and apoptosis.’**

Nevertheless, there is a paucity of studies of the effects
of metal ions on chondrocytes. Wear debris, including metal
ions and particles, are phagocytosed by chondrocytes and
alter biosynthetic activity.”* CoCr ions at high concentra-
tions kill chondrocytes via the nitric oxide pathway and pro-
mote the degradation of healthy cartilage.”> However, the
exact effects of metal ions on the viability and gene expres-
sion levels in chondrocytes remain poorly understood.

The primary objective of this study was to investigate
the response of chondrocytes to CoCr ions in a 2-dimen-
sional (2D) cell culture. By exposing human osteoarthritic
chondrocytes to CoCr ions at different concentrations, we
sought to identify effects of Co and Cr on transcriptional
activity and viability. The secondary objective of this study
was to determine whether there is a critical metal ion con-
centration that diminishes chondrocyte survival.

Material and Methods

Production of Metal lon Solution

For determining the effects of CoCr ions on osteoarthritic
chondrocytes, an electrolyte solution was prepared by

transpassive dissolution of a CoCrMo cylinder as previously
described.” To obtain different concentrations of CoCr ions
for cell culture experiments, the prepared solution under-
went serial 1:2 dilutions. The final composition of 1 mL of
cell culture medium for the incubation of the chondrocytes
was 733.33 pL of the medium (supplemented with antibiot-
ics and antimycotic), 100 pL fetal calf serum (FCS; to obtain
10% FCS) and 166.67 uL electrolyte solution (containing
metal ions). Thus, 5 different CoCr ions concentrations were
produced (1.02/0.42 ppm; 2.04/0.84 ppm; 4.08/1.67 ppm;
8.17/3.33 ppm, and 16.33/6.66 ppm Co/Cr). For control pur-
poses, phosphate-buffered saline (PBS; Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) was added to the cul-
ture medium instead of the electrolyte solution.

Isolation and Cultivation of Human
Osteoarthritic Chondrocytes

Human articular cartilage was retrieved from 3 osteoarthri-
tis patients who underwent total knee arthroplasty at an
average age of 54 years. Duration of symptoms ranged from
2 to 5 years, and all patients had received intra-articular
infiltration of the knee. Informed consent was obtained in
all cases, and the study was approved by the Regional
Ethical Committee (GS4-EK-4/199-2016).

For chondrocyte isolation, articular cartilage was
minced into 2 mm® pieces prior to enzymatic digestion
with Liberase TM (0.2 WU/ml, Roche Diagnostics GmbH,
Mannheim, Germany) in the medium (GIBCO DMEM/F-12
GlutaMAX-I, Life Technologies, Carlsbad, CA, USA)
with antibiotics (penicillin 200 U/mL; streptomycin 0.2
mg/mL) and an antimycotic (amphotericin B 2.5 pg/mL;
Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
under permanent agitation for 18 to 22 hours at 37°C. The
resulting chondrocyte suspension was passed through a
cell strainer with 40 um pores (BD Biosciences, Franklin
Lakes, NJ, USA) to remove undigested debris. Cells were
washed with PBS, centrifuged (10 minutes, 500 X g, room
temperature) and resuspended in the medium. Viability
was determined by staining with trypan blue (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany), and cells
were counted using a hemocytometer.

The isolated cells were seeded in growth medium supple-
mented with antibiotics and antimycotic, 10% FCS (GIBCO,
Life Technologies, Carlsbad, CA, USA), and 0.05 mg/mL
ascorbic acid (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) in 175 cm? culture flasks (Nunc, Rochester, NY,
USA) at a density of 1 X 10* cells/em® and cultivated at
37°C in a humidified atmosphere of 95% air and 5% Co,.
The medium was changed every 2 to 3 days until 80% con-
fluence. After expansion, the cells were harvested by the use
of accutase (1.5 mL/flask; Sigma-Aldrich Chemie GmbH,
Steinheim, Germany), counted, and seeded in 25 cm? flasks
(3.75 X 10° cells per flask) for microscopy, flow cytometry,
gene expression, and determination of cytokines in the
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supernatant, and in 24-well plates (2 X 10 cells per well)
for measuring metabolic activity of the chondrocytes.
Chondrocytes were incubated for 3 days before culture
medium was replaced with the final composition medium,
FCS, and CoCr ions as mentioned above. The analysis was
carried out after 24 and 72 hours.

Metabolic Activity: Cell Viability

Metabolic activity of the chondrocytes was measured by
using an XTT-based ex vivo toxicology assay kit according
to the manufacturer’s instructions (Cell Proliferation Kit II
[XTT], Roche Diagnostics, Basel, Switzerland). Briefly,
XTT solution (490 puL of XTT reagent and 10 pL of activa-
tion reagent) was added to each of the 24 wells with culture
medium followed by a 4-hour incubation period at 37°C in
the atmosphere of 95% air and 5% CO.,. After incubation,
the absorbance was measured at 492 nm and background
wavelength of 690 nm in triplicate in a 24-well plate using
a multimode microplate reader (SynergyTM 2, Winooski,
Vermont, USA) with Gen 5 software. Culture medium that
contained just CoCr ions at different concentrations but no
cells was used as blank control.

Flow Cytometry

To analyze the distribution of live and apoptotic cells fol-
lowing the exposure to metal ions at different concentra-
tions, the chondrocytes were detached by the use of accutase
after 24 and 72 hours. Cells were counted, and half of the
cell suspension (0.5 mL) from each condition was used for
flow cytometry, whereas the other half was used for RNA
isolation. Cell suspension used for flow cytometry was cen-
trifuged (439 X g; 10 minutes), the supernatant was dis-
carded, and the cell pellet was resuspended in 200 pL of 1X
annexin V binding buffer. Staining with 7-AAD (late apop-
tosis, dead cells) and annexin V (early apoptosis) phycoery-
thrin (PE) was performed using a PE Annexin V Apoptosis
Detection Kit I according to the manufacturer’s instructions
(BD Biosciences, Franklin Lakes, NJ, USA). Flow cytom-
etry analysis was performed using a Gallios flow cytometer
(Beckman Coulter, Brea, CA, USA) equipped with 405 nm,
488 nm, and 638 nm lasers and Kaluza Analysis Software
(Beckman Coulter, Brea, CA, USA), which was used for
measurements and data analysis.

Transmitted Light Microscopy

Cell morphology of monolayer cell cultures grown in the
presence of different concentrations of CoCr ions was stud-
ied after 24 and 72 hours. Images were captured using an
EVOS FLoid Cell Imaging Station (Life Technologies,
Carlsbad, CA, USA).

Gene Expression

Total RNA isolation and Reverse Transcription. For isolation
of RNA from osteoarthritic chondrocytes incubated with
different concentrations of CoCr ions, half of the cell sus-
pension of detached and counted cells (see Flow Cytometry
subsection) was used and centrifuged to pellet the cells. The
cell pellets were resuspended in 200 pL of PBS before total
RNA was extracted using a High Pure RNA Isolation Kit
(Roche Diagnostics, Basel, Switzerland) in accordance with
the manufacturer’s protocol. Isolated RNA was stored at
—80°C until cDNA synthesis.

To synthesize complementary DNA (cDNA) from mes-
senger RNA (mRNA), a Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics, Basel, Switzerland) was
used. Additionally, RNA from bacteriophage MS2 was
added to stabilize isolated RNA during cDNA synthesis.

Quantitative Polymerase Chain Reaction. Gene expression
analysis using quantitative polymerase chain reaction
(qPCR) was performed with FastStart TagqMan Probe Mas-
ter (Roche Diagnostics, Basel, Switzerland) and gene-spe-
cific primers (Eurofins MWG Synthesis GmbH, Ebersberg,
Germany) in triplicate on a LightCycler 96 instrument
(Roche Diagnostics, Basel, Switzerland). Expression lev-
els of 4 genes—collagen type 2 (COL2A1), aggrecan core
protein 1 (ACAN), versican (VCAN), and transcription fac-
tor SOX 9 (SOX9)—were analyzed, whereas the expres-
sion level of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was used as housekeeping gene expres-
sion control. The selection of probes and primers was made
by using the Universal Probe Library System and by apply-
ing in silico PCR (Roche Diagnostics, Basel, Switzerland).
The primer-dependent optimal annealing temperature was
determined experimentally. qPCR was carried out with the
following steps: an initial denaturation step at 95°C for 30
seconds, an annealing step from 55°C to 63°C optimized
for the respective primers (Table 1) for 30 seconds, and a
polymerization step at 72°C for 15 seconds. Fluorescence
measurement data were relatively quantified without effi-
ciency correction by the R = 2*ACt [Mean target — Mean reference]
method.*®

Cytokine Quantification

Stored supernatants from osteoarthritic chondrocytes culti-
vated for 24 and 72 hours with CoCr ions were analyzed for
the levels of cytokines (interleukin-1p [IL-1f3], IL-6, tumor
necrosis factor—o [TNF-a], IL-8) using the Bio-Plex Pro
Assay and a Bio-Plex 200 analyzer (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). In this cytokine multiplex assay,
antibodies are covalently coupled to magnetic beads with a
unique fluorescence dye. Thus, the concentrations of each
analyte can be determined. For analysis, values below the
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Table I. Sequences of Primers Used in Quantitative
Polymerase Chain Reaction.

Gene Sequence (3'-5’)

Glyceraldehyde-3- Sense

phosphate dehydrogenase

ctctgetectectgttcgac

(GAPDH) Antisense acgaccaaatccgttgactc
Aggrecan core protein | Sense cctececttcacgtgtaaaa
(ACAN) Antisense  gctccgettctgtagtctge
Collagen type I, alpha | Sense gtgtcagggccaggatgt
(COL2AI) Antisense tcccagtgtcacagacacagat
Versican Sense gcacctgtgtgccaggata
(VCAN) Antisense cagggattagagtgacattcatca
Transcription factor SOX-9 Sense tacccgcacttgcacaac
(S0X9) Antisense tctcgctctcgttcagaagtc

lower limit of detection for each analyte were recorded as
the lower limit of quantification (LLOQ). Analyzed cyto-
kines had a LLOQ of 3.2 pg/mL for IL-1B, 2.3 pg/mL for
IL-6, 1.9 pg/mL for IL-8, and 5.8 pg/mL for TNF-a. The
volume of every sample supernatant was measured to quan-
tify proteins.

Statistical Analysis

All statistical analysis was performed using GraphPad
Prism Software (GraphPad Prism Software Inc., San
Diego, CA, USA). Data are expressed as mean = standard
deviation. The statistical analysis was carried out by using
two-way analysis of variance (ANOVA). Post hoc multi-
ple comparisons were performed followed by the Sidak
test for correction of multiple comparisons. All statistical
analyses were conducted with a significance level of o0 =
0.05 (P < 0.05). Statistical significance of differences is
indicated in the figures as follows: *P < 0.05, **P < 0.01,
and ***P < 0.001.

Results

Metabolic Activity: Cell Viability

Cell viability decreased proportionally to CoCr ions con-
centration after 24 and 72 hours (Fig. 1). After 24 hours,
cell viability in the presence of CoCr ions at the highest
concentration was significantly lower than in control group
(P < 0.05). After 72 hours, the inverted relationship
between chondrocyte viability and CoCr ions concentration
was almost linear. The cells had significantly lower meta-
bolic activity at the 2 highest concentrations compared to
activity values in all other conditions and in control group.
Cell proliferation from 24 to 72 hours, assessed by the
increase in cell numbers, occurred only in the presence of
CoCr ions at the 3 lower concentrations and in control
group (PBS). In contrast, no cell proliferation from 24 to 72

N
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Hl 24h
72h
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o
1

A492nm - A690nm
5
1

Figure |. Metabolic activity (XTT reading) of chondrocytes
exposed to different concentrations of CoCr ions after 24
and 72 hours. The single, double, and triple asterisks indicate
P < 0.05,P < 0.01,and P < 0.001, respectively. If no standard
deviation is shown, results are not significant.

hours was observed at the 2 highest CoCr concentrations
(8.17/3.33 and 16.33/6.66 ppm).

Flow Cytometry

Additionally, cell viability was determined using flow
cytometry to identify early/late apoptotic and live cells
(Fig. 2). After 24 hours, an increase in the percentages of
early (6.38%) and late apoptotic (13.24%) cells was seen
only at the highest CoCr ions concentration (16.33/6.66
ppm). After 72 hours, increased numbers of apoptotic cells
were seen at the 2 highest CoCr ions concentrations.
Whereas in the presence of the second highest concentra-
tion (8.17/3.33 ppm CoCr) only 8.67% and 5.25% of chon-
drocytes showed signs of late and early apoptosis,
respectively, the majority of cells incubated with the highest
concentration were late apoptotic (68.76%) or in early
apoptosis (23.17%), with just a small number of live cells
(8.07%). In contrast, live cells predominated (97.70%) in
control group and in the groups exposed to lower CoCr ions
concentrations (1.02/0.41 ppm CoCr and 2.04/0.84 ppm
CoCr), with low numbers of apoptotic cells (early apoptotic
0.97%; late apoptotic 1.33%) observed after both 24 and 72
hours. Chondrocytes incubated with an intermediate con-
centration (4.08/1.67 ppm CoCr) showed a slightly higher
number of apoptotic cells (3.73%) after 72 hours compared
with the numbers of apoptotic cells in control group and in
the groups exposed to lower CoCr ions concentrations.
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Figure 2. Distribution of late apoptotic (staining for 7-AAD), early apoptotic (annexin V) and living chondrocytes exposed to
different concentrations of CoCr ions after 24 hours (left) and 72 hours (right), measured using flow cytometry.

Microscopic Images

Figure 3 shows representative microscopic images of artic-
ular chondrocytes treated with CoCr ions at different con-
centrations after 24 and 72 hours of incubation. In each test
group, the cells in cell culture flasks showed a homogenous
distribution. After 24 hours, osteoarthritic chondrocytes in
control group showed elongated fibrochondrocytic appear-
ance, that is, their typical morphology in 2D culture. When
cells were exposed to CoCr ions at the lowest concentration,
their morphology was comparable to that of cells in control
group, whereas cells treated with CoCr ions at 8.17/3.33
ppm to 16.33/6.66 ppm seemed to start undergoing apopto-
sis as cellular protrusions became thin and cells were shrink-
ing. After 72 hours, cells cultivated with PBS (control group)
or with CoCr ions at low concentrations (1.02/0.42 ppm and
2.04/0.84 ppm) showed a higher density compared with that
after 24 hours due to proliferation. In the presence of
4.08/1.67 ppm CoCr ions, cell proliferation likely stopped,
as cell density did not increase after 72 hours. Furthermore,
protrusions were further thinned compared with their appear-
ance after 24 hours. Osteoarthritic chondrocytes incubated
with CoCr ions at 2 highest concentrations (8.17/3.33 ppm
and 16.33/6.66 ppm) for 72 hours showed most pronounced
phenotypic changes. Fewer cells were observed and cells
started to undergo apoptosis or had been already dead as
they were shrinking and detaching from the surface.

Expression of Cartilage-Specific Genes

Quantitative PCR results demonstrated altered gene
expression profiles in osteoarthritic chondrocytes exposed
to different concentrations of CoCr ions (Fig. 4). After 24

hours, COL2A41 gene expression levels nominally nega-
tively correlated with CoCr ions concentrations except for
the relationship at the highest CoCr ions concentration, at
which COL2A1 level did not decrease further. Significant
differences between any of the 6 groups were only seen
between the control group and the 2 highest concentrations
(Fig. 4A). After 72 hours, the expression level of COL2A41
decreased in all experimental groups. The lowest expres-
sion level of COL2A1 after 72 hours was observed in the
presence of 8.17/3.33 ppm CoCr ions. From 24 to 72 hours,
the difference in COL2A 1 expression level was statistically
significant between cells of the control group. The expres-
sion levels of mRNA encoding transcription factor SOX9
was nominally higher in cells treated with intermediate
CoCr ions concentrations (4.08/1.67 ppm and 8.17/3.33
ppm) after 24 hours (Fig. 4B) but the effect did not reach
statistical significance. SOX9 mRNA expression levels
remained high after 72 hours in both groups but statisti-
cally significant differences occured only for the group
exposed to 8.17/3.33 ppm CoCr ions in comparison with
the highest concentration. From 24 to 72 hours the 4.08/1.67
ppm and 16.33/6.66 ppm reached significant difference,
while the concentration with 8.17/3.33 ppm CoCr ions
stayed on the same level. Control group and low concentra-
tions were not significant different. Expression levels of
the genes encoding the proteoglycans aggrecan (ACAN,
Fig. 4C) and versican (VCAN, Fig. 4D) were lower in all
treatment groups compared with those in control group,
both after 24 and 72 hours. VCAN expression levels con-
centration-dependently decreased after 24 and 72 hours.
However, the difference was statistically significant only
after 72 hours between the control group and all used
concentrations.
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Control

1.02/0.42 ppm
CoCrions

2.04 / 0.84 ppm
CoCr ions

4.08 / 1.67 ppm
CoCr ions

8.17 / 3.33 ppm
CoCr ions

16.33 / 6.66 ppm
CoCr ions

Figure 3. Representative microscopic images of articular chondrocytes treated with different concentrations of metal ions after
24 hours (left) and 72 hours (right) of incubation; scale bar 100 pm.
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Figure 4. Gene expression levels in chondrocytes exposed to different concentrations of CoCr ions after 24 and 72 hours of
incubation: (A) collagen type 2, (B) transcription factor SOX9, and the proteoglycans aggrecan (C) and versican (D). The expression
levels were normalized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The single, double, and triple

asterisks indicate P < 0.05, P < 0.01, and P < 0.001, respectively.

Cytokine Release

The relationships between the levels of pro-inflammatory
cytokines IL-6 and IL-8 in the supernatant of cultured cells
and concentrations of CoCr ions are displayed in Figure 5.
IL-8 level was directly proportional to the CoCr ions con-
centration up to 8.17/3.33 ppm CoCr ions point (Fig. SB).
However, at the highest CoCr ions concentration (16.33/6.66
ppm), the amount of released IL-8 was lower than at
8.17/3.33 ppm CoCr ions after 24 and 72 hours. Differences
between any groups were not statistically significant. The
amount of released IL-6 in the supernatant remained similar

at all but the highest CoCr ions concentration after 24 and
72 hours (Fig. 5A). At 16.33/6.66 ppm CoCr ions, IL-6 lev-
els were lower than in other groups at both time points.
Differences between any groups did not reach statistical
significance. Measured values for IL-13 and TNF-a were
below the lower limit of quantification.

Discussion

This study aimed to evaluate the effect of CoCr ions at
different concentrations on human osteoarthritic chondro-
cytes and their biological properties in vitro. For this, we
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Figure 5. Cytokine release in the supernatant (A, IL-8; B, IL-6) of chondrocytes exposed to different concentrations of CoCr ions
after 24 and 72 hours. If no standard deviation is shown, results are not significant.

examined cell viability and proliferation along with mor-
phological changes and propensity to undergo apoptosis.
Furthermore, the influence of CoCr ions on the expression
of cartilage-specific genes and released cytokines in the
supernatant was analyzed. Our results suggest that metal
ions, which are typical causative agents of biotribocorro-
sion, impair metabolic and synthesis activity as well as
inflammatory mediator release in articular chondrocytes.

Numerous studies have investigated the effects of metal
ions on various cells and organs. Initially, such studies
focused on the adverse local tissue reaction that followed
metal-on-metal (MoM) hip arthroplasty."” Accordingly,
mainly osteoblasts and macrophages were studied.”" As
elevated blood levels of metal ions were detected in patients
after MoM arthroplasty, systemic toxicity and effects on
various cells were examined.'®?’ However, how metal ions
affect articular chondrocytes has not been properly
addressed. A thorough insight into biological responses of
chondrocytes to the exposure to CoCr ions might be rele-
vant for better understanding of the consequences of partial
joint and surface replacement failures.

In UKA and in partial surface replacement, the progres-
sion of osteoarthritis often leads to high revision or failure
rates in the contralateral compartment of the knee joint.*"?*
Factors to be considered for circumventing these issues are
proper indication and correct implantation.' In a systematic
review of almost 4000 failures, van der List ef al.”’ showed
that the most common failure modes after medial UKA
were aseptic loosening (36%) and osteoarthritis progression
(20%). Interestingly, aseptic loosening was more prevalent
early after surgery (<5), whereas osteoarthritis progression
caused mid- and long-term failure (5-10 years, >10 years).”
Furthermore, one of the causative factors for osteoarthritis
progression could be implant biotribocorrosion that might

degrade articular cartilage. Biotribocorrosion itself is a
phenomenon that describes the synergy between mechanical
wear and corrosion in a biocorrosive environment (e.g.,
synovial joint). The mechanical damage imparted to the
passive layer during sliding contact results in depassivation
and release of metal ions by wear accelerated corrosion.*”!
Elevated levels of metal ions after total hip and knee
arthroplasty’* are commonly reported, whereas little infor-
mation is available regarding metal ion release post-UKA
and partial surface replacements. Recently, our study
group reported the occurrence of biotribocorrosion in CoCr
implants articulating against articular cartilage,” which was
enhanced with frictional loading."

Considering the fact that CoCr ions release could be a
crucial factor in progressive degeneration of articular carti-
lage, human osteoarthritic chondrocytes were incubated
with Co (1.02-16.33 ppm) and Cr (0.42-6.66 ppm) ions at
different concentrations. As metal ion levels in the joint after
UKA have not been reported, CoCr ions concentrations
tested were set according to the findings in MoM bearings.™
Lass et al.** reported median levels of cobalt and chromium
in patients with MoM total hip arthroplasty after a minimum
of 18 years of 81.9 ppm (Co) and 54.0 ppm (Cr). Naturally,
lower levels of metal ions are expected after partial joint
replacement. Furthermore, preliminary tests showed that
osteoarthritic chondrocytes underwent apoptosis or cell death
when exposed to a concentration higher than 16.33 ppm of
Co and 6.66 ppm of Cr. Molybdenum was not added, as
molybdenum levels do not increase after implantation of
CoCrMo implants.”>*® In the present study, we used these
established toxic levels as the highest concentrations and
diluted serial concentrations to study the effects on gene
expression and metabolic activity. CoCrMo implants release
not only Co”* and Cr’* ions but also Cr®" ions, which may
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all induce cell apoptosis or damage surrounding tissues.”’
Therefore, the levels of Co and Cr in the synovial fluid
may be, respectively, 300- and 1,000-fold higher than in
the serum.” Likewise, metal ion levels in the synovial
fluid,*® serum,*®** and synovial membrane™ are different.
Furthermore, methods for determining metal ion levels
vary between studies and possible differences need to be
considered.

CoCr ions concentration-dependently decreased meta-
bolic activity of the chondrocytes in an almost linear fash-
ion at both 24 and 72 hours. These findings indicated that
CoCr ions caused arrest of cell proliferation, as nontreated
control group exhibited higher metabolic activity over the
culture period than treatment groups. Comparable results
have been reported in human osteoblast-like cells incubated
with a maximum of 0.1 ppm Cr ions.'® Furthermore, Fleury
et al.*® cultured osteoblasts in the presence of CoCr ion con-
centrations close to those used by our experimental setup (0
-10 ppm) and found a time- and concentration-dependent
decrease in metabolic activity. In our study, this time-
dependent effect up to 72 hours in culture has been con-
firmed for osteoarthritic chondrocytes. Nevertheless,
differences between different cell types or cell lines may
occur.

Flow cytometry analysis confirmed an increase in apop-
totic and dead cells from 24 to 72 hours at the 2 highest
CoCr concentrations compared with the numbers of such
cells after treatments with 3 lower concentrations. After 72
hours of incubation, more than 90% of all chondrocytes
treated with the highest level of CoCr ions were apoptotic.
It has to be emphasized that these findings in 2D cell culture
may differ in explant cultures or in vivo. Furthermore, such
critical concentrations could be expected at the earliest
years after UKA or focal metal resurfacing, as deposition
and accumulation of Co and Cr in the cartilage matrix will
occur slowly. This contrasted with published reports, in
which cytotoxic effect on osteoblast-like cells has been
demonstrated only at an earlier time point than later culture
stages'® or has not been observed at all.*' These discrepan-
cies could be attributed to the fact that those studies exam-
ined effects of lower concentrations of CoCr ions (0.05-5.9
ppm) and shorter culture period (24-48 hours). Several
studies that investigated cytotoxic effects of Co on osteo-
blasts and macrophages used concentrations (9.42-21.8
ppm) comparable to those used in our study, whereas Cr
concentrations (24.95-145.57 ppm) were much higher than
in our experiments.”****? These methodological differences
make a direct comparison of published data and our present
results difficult. However, incubation with Co or Cr sepa-
rately or in combination decreased cell counts even at lower
concentrations.'® Furthermore, Co ions at a range of 1 to 10
ppm have been shown to inhibit cell proliferation and
induce apoptosis in lymphocytes.'®*

After 24 and 72 hours, no morphological changes were
observed at the 2 lowest CoCr concentrations, however at
4.08 ppm Co and 1.67 Cr, thinner cell protrusions were seen
already at 24 hours and more elongated protrusions—after
72 hours. At the latter time point, cell shrinkage occurred
followed by the arrest of cell proliferation as denoted by
cessation of the metabolic activity. At the highest concen-
tration of CoCr ions (16.33/6.66 ppm), all cells contracted,
and the formation of apoptotic corpuscles was visible."®
These observations are in line with the results of flow
cytometry experiments that showed an increased number of
late apoptotic cells at 72 hours.

Expression levels of cartilage-specific genes encoding
anabolic markers were dysregulated proportionally to CoCr
ion concentrations. COL2A1 expression tended to decrease
after 24 hours only at higher CoCr ions concentrations,
whereas after 72 hours, lower expression was observed at all
CoCr ion concentrations tested. Expression levels of aggrecan
and versican exhibited a similar trend, whereas versican was
expressed at a significantly higher level in the control group
compared to its expression in the presence of metal ions at all
concentrations. In contrast, a study by Kurdziel ez al.,* where
human chondrocytes were treated with CoCrMo particles, a
dramatic increase in COL2A1 expression was observed over
10 days. Furthermore, the authors reported that wear debris
from CoCrMo decreased expression levels of genes encoding
the synthesis of proteoglycans in human chondrocytes during
culturing.** This trend was in accordance with the results of
our study. Expression of SOX9 gene encoding a transcription
factor of type II collagen gene at CoCr concentrations of
4.08/1.67 ppm and 8.17/3.33 ppm ions group tended to be
increased after 24 hours, but the effect did not reach statistical
significance. After 72 h, SOX9 gene expression significantly
decreased at CoCr concentrations of 4.08/1.67 ppm and
16.33/6.66 ppm in comparison to 24 hours expression values,
whereas in the presence of 8.17/3.33 ppm CoCr for 72 hours,
SOX9 gene expression was nearly at its highest level. At all
other concentrations, SOX9 expression level was similar to
that in control. Contrary to the effects observed by us in chon-
drocytes, gene expression in osteoblasts treated with CoCr
ions has been reported to be unaffected.**

In addition to the analysis of the transcriptional activity
of chondrocytes, the release of pro-inflammatory cyto-
kines, crucial markers of osteoarthritis progression,***¢
was investigated. The release of the cytokines IL-6 and
IL-8 into the supernatant was altered by the exposure to
CoCr ions, whereas levels of TNF-a and IL-1 were below
the detection limit. IL-6 levels did not increase at lower
CoCr ions concentrations compared to those in control
group, but decreased at the highest concentration. However,
differences did not reach statistical significance after 24
or 72 hours. Similar observations have been reported in
peripheral blood mononuclear cells.*' The release of IL-8,
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a chemokine relevant for the ability of early stress response
to attract neutrophils and monocytes,” was generally
directly proportional to CoCr ion concentrations. However,
at the highest concentration, IL-8 level was nominally lower
than at the preceding lower concentration of 8.17/3.33 ppm
CoCr ions. The pattern of the concentration-response rela-
tionship for IL-6 and IL-8 supports flow cytometry data that
revealed extensive apoptosis of chondrocytes at the highest
CoCr ions concentration. An increase in IL-8 levels similar
to that observed in our study was also shown in endothelial
and epithelial cells incubated with Co and Cr ions.*”** Several
studies have demonstrated a pro-inflammatory effect caused
by the exposure to metal ions. In these studies, CoCrMo ions
at a concentration range from 4 to 5.9 ppm led to increased
secretion of pro-inflammatory cytokines and matrix metallo-
proteinases in human macrophages™**>" as well as triggered
a chronic inflammatory response in T-cells.”

Limitations of our present study included culturing only
osteoarthritic chondrocytes that were pre-exposed to inflam-
matory environment in vivo, whereas a control group of
healthy chondrocytes would be also desirable. Furthermore,
our study investigated the response of chondrocytes in a 2D
culture, which is nevertheless the most widely used cell cul-
ture model. However, the results might be different in a 3D
setup or in vivo. In future studies, cartilage tissue (e.g.,
osteochondral grafts) could be used in a dynamic environ-
ment to better simulate in vivo conditions. Furthermore,
additional time points past 72 hours of cultivation could be
beneficial to see if lower concentrations would already be
toxic for the chondrocytes over a longer time or if they
might adapt to the changed conditions. Longer follow-up
studies with lower concentrations are necessary to detect
toxic effects on cartilage and confirm whether Co and Cr
ions play a role in the failure mechanism after partial joint
replacement.

Conclusion

CoCr ions had a time- and concentration-dependent effect
on human osteoarthritic chondrocytes grown in a monolayer
culture. CoCr ions concentration-dependently impaired
metabolic activity and cell proliferation. Furthermore, at
higher concentrations, signs of early and late apoptosis were
observed in chondrocytes during 3-day culture. Complex
effects of CoCr ions were revealed on gene expression,
with higher concentrations generally decreasing expression
of cartilage-specific anabolic genes compared with control
level. The critical concentrations of Co and Cr for the induc-
tion of apoptosis in chondrocytes appeared to be approxi-
mately 10 and 5 ppm, respectively.

This study suggests a potential biotribocorrosive effect
of metal implant components. However, further research is
required to gain additional knowledge in both basic science
and clinical settings. More experiments, especially in 3D

cultures, are needed to better understand important signal-
ing pathways and interactions between chondrocytes and
metal ions.

The present study suggests an adverse effect of metal ions
onthemetabolism ofarticular chondrocytes. Correspondingly,
wear and corrosion after UKA and partial surface replace-
ment should be minimized to prevent degeneration of the
preserved articular cartilage.
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