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ABSTRACT

Objective: The microfracture technique is often considered the standard therapy for treating cartilage defects. The aim of the treatment
is the migration of mesenchymal stem cells from the bone marrow into the defect area. However, this regeneration process often results
in the formation of fibrocartilage instead of natural hyaline cartilage, due to cellular mechanisms whose causes are not well understood.
Therefore, in this study, the differences in bioactivity and apoptosis of fibrocartilage tissue-derived chondrocytes (FCh) obtained by bone
marrow stimulation and natural hyaline cartilage tissue-derived chondrocytes (HCh) in the knee joint of rats were compared.

Methods: A total of 24 Wistar albino rats were used in this study, and one hind leg of each animal was operated on, while the other served
as a control. A 2-step surgical procedure was performed: First, a microfracture was generated at a 2 mm x 2 mm cartilage defect area in the
medial condyle of the femur after a left knee arthrotomy. Second, 6 weeks later, after a double knee arthrotomy, fibrocartilage from the
microfracture area of the left knee and 2 X 2 mm of hyaline cartilage from the medial femoral condyle of the right knee were harvested.
Chondrocytes were isolated and grouped as HCh or FCh, and cell viability and apoptosis were determined by MTT (4,5-dimethylthiazol
-2-yl)-2,5-diphenyltetrazolium bromide) and caspase-3 assays using enzyme-linked immunosorbent assay (ELISA) kits.

Resullts: Fibrocartilage tissue-derived chondrocytes showed similar bioactivity and apoptotic response as HCh under physiological condi-
tions. However, low-dose H,O, decreased viability (bioactivity) and increased apoptosis in FCh without affecting HCh. High-dose H,0,
reduced the bioactivity of both cell types and induced apoptosis, while the response of FCh to oxidative stress was more aggressive than
that of HCh.

Conclusion: The different response patterns in oxidative stress may provide a basis for understanding the limited survival time of bone

marrow-derived fibrocartilage tissue induced by microfractures.

Level of Evidence: N/A.

Introduction

Bone marrow stimulation (BMS) using the microfrac-
ture technique was developed and first described by
Steadman in 1999 and has grown in popularity over
the next 20 years." It is still a recommended technique
in treatment guidelines, especially for the treatment
of chondral defects that do not exceed certain dimen-
sions. Many different techniques have been described
for the treatment of chondral defects. In some of
them, histologically, the formation of hyaline cartilage
(autogenous cartilage transfer mosaicplasty) or hyaline
cartilage-like cartilage (matrix-assisted chondrocyte
implantation - MACI) is obtained.? As is known, the
tissue obtained by the BMS technique is histologically
fibrocartilage rather than natural hyaline cartilage.®

Fibrocartilage and hyaline cartilage are 2 different
types of cartilage with different histologies: hyaline
cartilage is composed mainly of type II collagen and
is found in the articular surfaces of bones, providing
a smooth and low-friction surface for joint motion.
Fibrocartilage, on the other hand, contains mostly type
I collagen, which makes it appear denser and stronger

and is primarily designed to absorb shock. Therefore,
this subsequently formed structure obtained after
treatment tends to deteriorate over time.**

Although there are histological matrix differences in
fibrocartilage obtained after BMS from natural hya-
line cartilage, the main bioactive cellular element in
both cartilage tissues is chondrocytes. Examining the
bioactivity and apoptotic responses of chondrocytes
in fibrocartilage after BMS will play an important role
in understanding the viability and lifespan of globally
formed post-treatment repair tissue, as well as in deter-
mining the main features of the extracellular matrix.

This study compared the bioactivity of chondro-
cytes isolated from BMS-derived fibrocartilage
(FCh) tissue and chondrocytes isolated from natu-
ral hyaline cartilage (HCh) tissue, as well as their
responses to apoptosis in a natural physiological
environment and an oxidative stress environment
induced by hydrogen peroxide (H,0,). This study
is the first study to identify the effect of oxidative
stress on fibrocartilage obtained after BMS relative
to hyaline cartilage.
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Material and methods

In this study, procedures on animals were performed in accordance
with the authors’ affiliated Cukurova University Experimental
Medicine Research and Application Center Ethics Committee on
Animal Experiments on 25.07.2018 with approval no.: 4. The meth-
ods for the animal experiments were carried out in accordance with
the ARRIVE guidelines. Wistar albino rats were kept in a climate- and
light controlled room with free access to standard chow and water.

Articular cartilage operations

In this study, 24 rats (200-250 g body mass) and 48 knees were used.
An intraperitoneal injection of pentobarbital sodium (1 ml/kg) was
applied to the rats before surgery. A single subcutaneous dose of
sefazolin (iespor/I.LE ULUGAY/Istanbul) was administered for sur-
gical infection prophylaxis (15 mg/kg). For postoperative analgesia,
acetylsalicylic acid (Coraspin/Bayer / Istanbul) (100 mg/kg) was
administered orally for 3 days. Rats were euthanized 6 weeks after
the operations with a lethal dose of pentobarbital sodium (30 mg/kg
body mass) via intraperitoneal injection. In the study, all processes
that took place before the experiments are presented as a timeline
(Figure 1).

Surgery procedure

Stage 1: After subjects received the relevant infection prophylaxis
and anesthesia, their left knees (surgical area) were cleaned and dis-
infected with povidone iodine. Afterwards, the required sterile dress-
ing was provided using sterile disposable surgical drapes. The skin
and subcutaneous tissue were passed through an approximately 1 cm
long anterior incision from the anterior of the left knee. Left knee
arthrotomy was performed through a medial parapatellar incision. In
the medial condyle of the femur, a 2 X 2 mm cartilage was removed
by freehand using a microcurette, including all layers (Figure 2).
Subsequently, microfractures were created in 3 drill holes through
the subchondral bone with 0.5 mm diameter Kirschner wire. The
arthrotomy area was closed with 4.0 vicryl (Ethicon). Subcutaneous
and skin incisions were sutured with the same suture material. The
surgical wound area was cleaned and the wound was closed with a
dressing.

2. Stage: Following the first stage, the subjects were sacrificed at the
sixth week. First, the left knee was opened over the old incision scar.
The knee joint was reached by performing an arthrotomy with a
medial parapatellar incision. The fibrocartilage area formed on the
medial femoral condyle with a previous microfracture was removed,
measuring 2 X 2 mm. Then, the right knee was entered with an ante-
rior long incision, and an arthrotomy was performed with a medial
parapatellar incision, and 2 X 2 mm piece of natural hyaline cartilage
was removed from the femur medial condyle. Tissue samples were
immediately transferred to DMEM solution (Dulbecco’s Modified
Eagle’s Medium, Sigma, USA) in a sterile environment and directed
to cell isolation.

+  The bioactivity of FCh (Fibrocartilage chondrocyte) cells, which are formed
after BMS (Bone marrow stimulation) under cell physiological conditions, is
similar to that of original HCh (Hyaline cartilage chondrocyte) cells.

Stress environment (H,0,, causes differences in the bioactivity of these 2 cell
types.

+  Stress conditions increase the susceptibility of FChs from these 2 cell types
to apoptosis.

Isolation of rat chondrocytes and cell culture

The cartilage tissues were minced and enzymatically dissociated
with 0.2% collagenase type II (Worthington, NJ) in a 5% CO, incuba-
tor at 37°C for 1 hour. Briefly, tissues were centrifuged at 100 g for 5
minutes, and cell pellets were collected. Isolated chondrocytes were
re-suspended in DMEM supplemented with 10% fetal calf serum, 2
mM L-glutamine, and 1% penicillin/streptomycin.” Chondrocytes
were plated on 6-well culture dishes and their medium was replaced
every 2 days until they reached confluency after 4-5 days of culture.
In Figure 3, it is shown that the morphology of the majority of pri-
mary articular chondrocytes grown in monolayer culture exhibited
their characteristic rounded and polygonal shape.?

Only the first passages of cells derived from the cartilage of each ani-
mal were used in the experiments to minimize phenotypic changes
due to passaging.

MTT assay

Chondrocytes were seeded at a density of 2 X 10° /mL in a 96-well
plate and cultured for 24 hours. The cells were then incubated with
0.1 or 1 mM H,0,, an oxidative stress inducer, for 1 hour in a 5% CO,
incubator at 37°C. To investigate the effect of H,0, on chondrocyte
proliferative activities, an MTT cell proliferation and viability assay
(Boster Biological Technology, CA, USA) was carried out. In the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) prolif-
eration assay, briefly, NAD(P)H-mediated oxidoreductase enzymes
reduce tetrazolium dye that passes into the cytosolic compartments
of the cells. Therefore, the reduction of the dye is directly related
to cellular metabolic activity mediated by the NAD(P)H process. The
signal from the dye will be relatively high in a cell with metabolic
function.’ The MTT test provides a colorimetric (spectrophotometer)
measurement of viable cell count. Accordingly, the kit instructions
were followed as 10 pL of the MTT labeling reagent was added to
each well. Then, cells were incubated at 37°C in a 5% CO, incubator
for 4 hours. At the end of the incubation period 100 pL of Formazan
solubilizing solution was added to wells and mixed thoroughly. The
cells were incubated overnight at 37°C in the incubator, and absor-
bance was read at 600 nm with a microplate reader (Awareness
Technology, USA). Each treatment was replicated at 3 wells.

Caspase-3 assay

The caspase-3 enzyme activity of the cells was assessed by a cas-
pase-3 colorimetric assay. Briefly, in the caspase-3 enzyme activity
test, substrate buffer containing DEVD-pNA is added to the cells
together with the reaction buffer. The DEVD-pNA (DEVD, an amino
acid sequence (Asp-Glu-Val-Asp) and P-nitroaniline) is a colorimetric
substrate in the enzyme activity assay that is hydrolyzed by caspase-3
activity. Thus, the cleavage of the DEVD-pNA and the formation of
pNA form the basis for the detection of the enzyme activity.’ In
order to observe differences in the enzyme activities, the chondro-
cytes were first incubated with 0.1 mM or 1 mM H, 0O, for 1 hour in a
5% CO, incubator at 37°C. Then they were suspended and counted
(2 x 10° cells) before adding the lysis buffer. Caspase-3 activity was
measured with an assay kit (R&D Systems, USA). According to the kit
instructions, the cells were centrifuged at 250 g for 10 minutes. Cell
pellets were collected and lysed with lysis buffer. After incubating
the lysates on ice for 10 minutes, they were centrifuged at 10 000 g
for 1 minute and the supernatants removed. Cell lysates were then
added to a 96-well microplate with reaction buffer containing DTT
and substrate. After 1 hour plate incubation at 37°C, caspase-3 activ-
ity was monitored at 405 nm using a microplate reader (Awareness
Technology, USA).
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Figure 1. A timeline of experimental procedures.

Statistics

The analyzed data were presented as mean + SEM. A 1-way ANOVA
(with Tukey’s multiple comparison test) was used to determine statis-
tical significance (at P < .05). Statistical analysis was performed using
GraphPad Prism 5.

Results

H,O0, differently effects bioactivities of HCh cells and FCh cells

To examine the difference in metabolic activity, FCh cells, and HCh
cells were treated with a low dose (0.1 mM) and a high dose (1 mM)
of H,0, for 1 hour and then subjected to an MTT assay using a plate
reader.!! Results were normalized to the measurements of HCh cells
(H,O, untreated HCh cells).

No significant difference was observed between the viability of HCh
and FCh cells (H,0, untreated FCh). The percent change in FCh cells
was monitored as 93.16 + 1.364. Besides, a low dose of H,0, (0.1 mM)
did not significantly affect the viability of HCh cells (90.41 + 2.674).
However, when the same dose of H,O, (0.1 mM) was applied to FCh
cells, it significantly reduced the viability of FCh cells compared to
their control (H,O, untreated FCh).

High dose H,0, (1 mM) decreased the viability of both cell types; nev-
ertheless, it caused FCh cells to be more affected by oxidative stress
than HCh cells (Figure 4).

H,O0, is more effective to FCh cells than HCh cells in the
chondrocyte apoptosis

To examine the differences in response between FCh and HCh cells
in oxidative stress-induced apoptosis, different doses of H,O, were

Figure 2. Intraoperative arthrotomy of the left knee of a rat. (A) Lateral femoral
condyle with native hyaline cartilage. (B) Cartilage defect area of the medial femoral
condyle with applied microfracture.

applied to the cells and their caspase-3 enzyme activities were
measured. The results were normalized to HCh cell measurements
(H,0, untreated HCh). The basal caspase-3 activities of HCh and
FCh cells showed no significant difference. The average percentage
change in caspase-3 activities of FCh cells was measured as 101.0 +
1.3. Furthermore, low dose H,0, (0.1 mM) incubation made no sig-
nificant difference in HCh cells compared to the HCh control (H,O,
untreated HCh) (HCh with 0.1 mM H,0,: 107.1 + 1.7). However, the
low dose (0.1 mM) of H,O, increased the caspase-3 activity signifi-
cantly in FCh cells.

High dose H,0O, (1 mM) incubation increased caspase-3 activity for
both HCh and FCh cells. However, in FCh cells, 1 mM H,0O, caused
much greater apoptotic activity than in HCh cells. The increased cas-
pase-3 activity indicates that FCh cells are less resistant to the effects
of oxidative stress than HCh cells (Figure 5).

Discussion

The aim of this study was to understand the differences between
fibrocartilage regenerated by the microfracture technique and native
hyaline cartilage in the hind-leg knees of rats based on cellular signals
such as proliferation and apoptosis.

Local chondral injuries in the knee joint are among the most com-
mon orthopedic complaints. It can be said that about 60% of patients
who undergo knee arthroscopy have cartilage problems as an etio-
logical cause.’? In the United States alone, more than 300 000 car-
tilage-related surgeries are performed each year.® It can be stated
that about 60 000 of these cases are related to the microfracture tech-
nique. The surgical treatment of cartilage injuries can be evaluated in
3 groups: 1- debridement or chondroplasty, 2- repair (microfracture

Figure 3. The 40X microscopic view of the primary chondrocytes isolated from
fibrocartilage, a representative image of the chondrocytes from the first passages of
cells.
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Figure 4. Differentiated metabolic activities of cells. FCh and HCh cells were
incubated with H,O, (1 hour, 0.1 or 1 mM) then MTT assay was performed. Each
group was normalized to HCh. Bars: mean + SEM, n=8-10 animals/group. *P < .05
vs HCh, **P < .05 vs HCh (0.1 mM H,0,), *** P <.05 vs HCh (1 mM H,0,), tP < .05 vs
FCh, 1P < .05 vs FCh (0.1 mM H,0,) by using 1-way ANOVA.

or drilling), and 3- restoration (autologous chondrocyte implantation
[ACI], osteochondral autograft transfer, and osteochondral allograft
transplantation).'*'® The microfracture technique is used in the treat-
ment of small sized (<2-4 cm?) local chondral injuries. It is one of
the most preferred current treatments due to its easy, short appli-
cation time, lack of additional implant requirements, and low cost.
Basically, this technique enables the migration of mesenchymal stem
cells to the local chondral defect area through the channels formed
on the subchondral bone and provides the formation of fibrocarti-
lage originating from chondrocytes formed by differentiation in this
region. However, the most important disadvantage of this technique
is that the scar tissue histology is not hyaline cartilage tissue. The per-
centage of hyaline cartilage in the cartilage tissue obtained by BMS
alone has been reported to be around 5%."

Good and excellent results have been reported with the microfrac-
ture technique in short-term follow-up.*'*' However, medium and
long-term results are controversial.>**?! In a study 2 years after opera-
tion, a deficit was determined in 50% of the chondral defect area.
It was determined that the clinical results were the best in the first
year, but gradually declined within 10 years. At the end of the 10th
year, it was observed that the clinical scores returned to the preop-
erative period. It has been reported that the radiographic findings of
osteoarthritis show progression after the fifth year of surgery. When
compared with the osteochondral autograft transplantation (OAT)
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Figure 5. Effects of H,0, on the caspase-3 activity. Cells were incubated with H,O,
(1 hour, 0.1 or 1 mM) and their caspase-3 activities were measured. Each group was
normalized to HCh. Bars: mean + SEM, n==8-10 animals/group. *P < .05 vs HCh,

**P <.05 vs HCh (0.1 mM H,0,), ***P < .05 vs HCh (1 mM H,0,), P < .05 vs FCh,
11P < .05 vs FCh (0.1 mM H,0,) by using 1-way ANOVA.

technique, it seems localized chondral lesions treated with micro-
fracture with BMS appear to have lower levels on the International
Cartilage Repair Society score (ICRS), Lysholm scores, and Knee
Injury and Osteoarthritis Outcome score (KOOS) after 10 years of
follow-up.>*

Articular cartilage is a tissue composed of chondrocytes that are
essential for cartilage functions and regulate the metabolic activi-
ties of extracellular matrix molecules. However, the ability of chon-
drocytes to produce new molecules against matrix damage is low.
Cartilage withstands mechanical stress by balancing the synthesis
and degradation of the extracellular matrix.?> However, when the
mechanical stress is above the normal physiological level, it supports
the catabolic activity of the cartilage tissue and damages the struc-
tural contents of the tissue.” Increased mechanical stress decreases
the synthesis of the extracellular matrix and increases its degradation.
One of the mechanisms here is the increased reactive oxygen species
(ROS) levels in the extracellular matrix. ROS, such as H,O,, hypochlo-
rite ion (ClO"), hydroxyl radical (UOH), and superoxide anion (O, ),
are derived from oxygen and are involved in both normal intracellu-
lar signal transduction and many degenerative cellular pathways.**
Although oxidative stress is often associated with age-related cellular
pathologies, pro-oxidants such as H,0O, affect many key cellular pro-
cesses, including proliferation, differentiation, growth, and cell sur-
vival.?® Specifically, studies have shown that chondrocyte apoptosis
and articular cartilage degradation can be caused by elevated ROS
production, contributing to cartilage aging and the pathogenesis of
osteoarthritis.””** H,0O,-induced oxidative damage causes a reduction
in the stiffness of the articular cartilage. However, how the oxidative
stress triggered by H,O, on the cartilage affects chondrocytes of dif-
ferent origins is not discussed in the literature.

According to our study, chondrocytes from fibrocartilage (FCh cells)
obtained by BMS and chondrocytes from natural cartilage structure
(HCh cells) give similar responses in terms of bioactivity and apop-
totic activity under normal physiological conditions. It has been
shown that the concentration of oxygen radicals in the cartilage
tissue increases in pathological conditions such as the presence of
excessive mechanical stress.” In our study, it was observed that the
bioactivity of fibrocartilage chondrocytes decreased and apoptosis
was induced in direct proportion to the increase in H,0O,. Moreover,
the increase in H,0O, concentration decreased the bioactivity of fibro-
cartilage chondrocytes dramatically compared to hyaline cartilage
cells. In addition, increased H,O, doses generated a greater apoptotic
response in fibrocartilage chondrocytes than in hyaline cartilage
cells. It has been shown that oxidative stress and metabolic stress
cause post-translational modifications in proteins causing glyca-
tion and carbonylation.*® ROS are also known to cause changes in
MMP (matrix metalloproteinase) activation and collagen ratio.*!*
It has also been shown that an increase in oxidative stress triggers
changes in different collagen types and collagen proteoglycan ratios
in cartilage.**

The reason for the different response levels of different cell types
to H,O, observed in our study could lie in the differentiation of cel-
lular mechanisms during oxidative stress depending on the cell type.
This may be reflected in cellular functions such as proliferation and
apoptosis.

In this study, FCh cells obtained after BMS showed similar bioactiv-
ity and activation to apoptosis under normal physiological condi-
tions compared to HCh cells. However, compared to the HCh cells,
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the bioactivity of the FCh cells decreased and apoptotic activity
increased significantly, parallel to increasing environmental stress
stimulation with H,0O,,.

The differentiation in the responses of BMS-derived FCh cells in the
presence of oxidative stress may provide a basis for understanding
the limited survival time of these cells. In this regard, these data can
be shown as one of the reasons for the medium- and long-term dete-
rioration in clinical results after the BMS surgical technique in clini-
cal practice.

The animals were kept in the laboratory for a week to get used to the
environmental conditions before being taken into the experiment 1.
In the first stage, the animals were anesthetized and their left hind
legs were operated on (arthrotomy of the left knee). The cartilage was
removed, and microfractures were created in the subchondral bone
area. After these operations, the arthrotomy area was covered and
sutured, the wounds were closed with dressing, and the rats were put
into a recovery period for 6 weeks.

Time Period (TP) 1. Rats had 6 weeks post-operation time. 2. The rats
were euthanized. 3. The left knee was opened from the old incision
scar and the formed fibrocartilage was removed by arthrotomy. 4.
The right knee was operated on and the natural hyaline cartilage was
removed by arthrotomy. 5. Chondrocytes were isolated. TP 2: Cells
were kept for 4-5 days to reach confluence. 6. Cells were seeded into
96-well plates and prepared for experiments. TP 3: Cells were cul-
tured in the incubator for 24 hours. 7. The MTT and caspase-3 assays
were performed.
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