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a b s t r a c t
Background: We aimed to investigate the effect of adipose tissue-derived mesenchymal stem cells (ADSCs) on
chondral healing using the microfracture (MF) technique.
Methods: Thirty male rabbits were randomly divided into three groups. Standard cylindrical osteochondral
defects (OCDs) were created in the weight-bearing areas of the medial condyles of all the right knees; the defects
were four millimeters in diameter and two millimeters in depth. The control group (group A) was restricted to
spontaneous healing. For group B, we performed MF with a 1.5-mm drill. For group C, we applied MF using
the same method and then applied 3 × 106 ADSCs to the defect area. At eight weeks post-operation, the subjects
were sacriﬁced, and the distal femoral joint surfaces were evaluated histopathologically for chondral healing. The
samples were scored according to the International Cartilage Repair Society (ICRS) scale.
Results: The results for group C were signiﬁcantly better than those for group A in terms of the surface properties
(p = 0.003). The matrix evaluation was better for group A than for group C (p = 0.01). The cell distribution, cell
viability and subchondral bone parameters were similar between the groups (p = 0.198, p = 0.387 and p =
0.699). The cartilage mineralization parameter was better for group C than for group A (p = 0.001). The signs
of healing were better for group C than for group B, but the differences were not signiﬁcant (p = 0.185).
Conclusions: Improvements with additional ADSC treatments were not statistically signiﬁcant in cases in which
ADSC treatment was compared with isolated MF treatment.
Clinical Relevance: Additional ADSCs treatment may have positive effect on chondral healing but it doesn’t seem
signiﬁcant.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Selection of the ideal treatment for articular cartilage pathologies is a
challenging issue for orthopedic surgeons [1–4]. The microfracture (MF)
technique is frequently used and is based on pluripotent stem cells
(SCs) forming ﬁbrocartilage wound tissue after subchondral bone
stimulation [1–4]. This technique has been successfully performed,
particularly in cartilage lesions that are small, well contained, and
Outerbridge 3 to 4 [4].
Although defects can be treated with MF, the newly formed tissue is
poor in hyaline cartilage; it is structurally and biomechanically deﬁcient
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compared with articular cartilage [2,5]. Treatment success is related to
the degree of histological and functional similarities of the repaired tissue to the original tissue. Additional studies are being conducted to improve the quality of newly formed cartilage tissue for ﬁlling defects
[6–11].
The ideal source of SCs is controversial. With the discovery that adult
human adipose tissue is a potential source of SCs, a new source of SCs has
become available [9,12–15]. Adipose tissue-derived mesenchymal stem
cells (ADSCs) appear to be advantageous for the following reasons: they
are easily obtained with the least amount of morbidity to the donor site,
their reproducibility in a culture environment is simple, they do not lose
their multipotency during earlier culture and passaging, and their
chondrogenic potential is maintained [8,15–17]. By contrast, obtaining
SCs from bone marrow is invasive, difﬁcult and painful. The number of ﬁbroblast colony forming units (CFUs) is three times greater in adipose tissue than in bone marrow, and adipose tissue is more expendable than
bone marrow in the culture environment [18].
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Recently, the use of ADSC therapy for chondral pathologies has increased among knee specialists. Most surgeons who use ADSC therapy
believe that this procedure affects the healing process and contributes
to cartilage regeneration. In this experimental animal study, we aimed
to evaluate the contribution of ADSC application to cartilage repair in
the MF procedure.

2. Materials and methods
In this study, which was approved by the Institutional Animal Care
and Use Committee prior to performing the study, according to the
power analysis we used 30 identically bred seven-month-old white
male New Zealand rabbits that weighed an average of 3420 ± 230 g
(min. 3120 to max. 3580) each and were bred under standard laboratory

Graphic 1. The graphic shows the surface morphology (top), matrix composition (middle)
and cartilage mineralization (bottom) of each group.
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conditions. Cell culture procedures to acquire the ADSCs were conducted
in a cell laboratory using the technique described by Zuk et al. [15].
In addition to the experimental animals, one male rabbit with
identical characteristics was used as the source of the adipose tissue.
For sedation and analgesia, 15 mg/kg of xylazine (Rompun, Bayer, Leverkusen, Germany) was administered intramuscularly (IM). For
anesthesia, 45 mg/kg of ketamine hydrochloride (Ketalar, Zentiva,
Kirklareli, Turkey) was administered intramuscular (IM) 10 min later.
A two-centimeter bikini incision was made to the inguinal region,
from which a 2 × 2-cm subcutaneous adipose tissue sample was
obtained.
2.1. Cell culture procedure
Approximately 100 mg of adipose tissue that was acquired from the
subject was delivered to the laboratory under sterile conditions and
washed with a physiological saline solution (PSS) three times. After
the PSS was discarded, the adipose tissue samples were incubated at
37 °C for two hours in three milliliter 0.075% phosphate buffered saline
(PBS) solution with type 2 collagenase. After three hours of centrifugation in an 800-g falcon tube, separation of the tissue from the stem cells
occurred. The acquired cells were cultured in DMEM-LG in a T-150 ﬂask
with one percent antibiotic and 10% fetal bovine serum (FBS). After the
cells in the primary culture covered ≥70% of the ﬂask bottom, the cells
were passaged. The cells that were adherent to the ﬂask bottom were
lifted with trypsin and washed with PBS. Using identical medium and
environmental conditions, the cells were re-cultured on a wider surface
area. Throughout the passage, the cells were observed once every three
days under a microscope; the medium was changed, and the cells in the
ﬂask were expected to reach 70% conﬂuence. After the primary culture
stage was completed and ≥70% conﬂuence was reached, the cells were
lifted with trypsin; after washing with PBS, the cells were placed in
identical medium (DMEM-LG containing one percent penicillin and
10% FBS) for further incubation. The cells collected with trypsinization
after the ﬁrst passage were used for the quality veriﬁcation stage.
The desired outcomes from the quality veriﬁcation stage were as follows: 1) survival at the end of production of N80% of the number before
production with 2 × 104 of at least 2 × 107 cells; 2) current cytometric
analysis performed on a sample taken at the end of the second passage
showing that the mesenchymal SCs are CD73, CD105 and CD90 positive
and CD34, CD45 and HLA-DR negative (purity); 3) maintenance of the
sterility of the culture area throughout the study and the absence of mycoplasma; 4) apyrogenicity; 5) ﬁxation of the collagen synthesis of the
activity analysis at ﬁve micrograms per milliliter per 1 × 107 cells per
day; 6) maintenance of RTA (relative telomere enzyme activity) at
b1.2; and 7) viability N 70% before application (stability). The MSCs
were produced and resuspended in 0.1 cm3 PBS (contains one percent

Fig. 1. To obtain the standard defects, we used a four-millimeter-diameter drill that
allowed us to create a controlled two-millimeter-depth defect in all of the objectives.
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Fig. 2. After the parapatellar skin incision and capsulotomy, the patella was luxated laterally, and the medial condyle was directly visualized.

FBS) solution containing 3 × 106 cells in 30-gauge injectors that were
transported to the operating room under cold chain conditions.
2.2. Experimental groups
Upon power analysis we used 8 ± 2 animals for each group. The
animals were randomly selected and assigned to three groups of ten
subjects each. Only osteochondral defects (OCDs) were applied to the
knees of the rabbits in the control group (group A), and spontaneous
healing was investigated. OCDs were created and MF was performed
in the subjects in the second group (group B). In the third group
(group C), after creating OCDs and performing MF, ADSCs were applied
to the defect.
2.3. Surgical procedure
The surgical procedures were performed by one surgeon, using the
same technique for each knee. A standard anesthesia regimen, surgical

approach, technique to create the cartilage defect, and wound covering
were applied in all of the rabbits.
For sedation and analgesia, 15 mg/kg of xylazine (Rompun, Bayer,
Leverkusen, Germany) was administered IM to the rabbits. For anesthesia,
45 mg/kg of ketamine hydrochloride (Ketalar, Zentiva, Kirklareli, Turkey)
was administered IM 10 min later. The distal areas of the inguinal region
were shaved, and after the region was cleaned with a 10% polyvinylpyrrolidone iodine solution (Batticon, Adeka, Turkey), it was covered in a
sterile manner. Immediately following the operations, 0.5 mg/kg of amoxicillin trihydrate (Clamoxyl, Pﬁzer, USA) was applied subcutaneously to
the immediate vicinity of the incision.
A standard longitudinal parapatellar incision was made in the right
knee joint. Standard cylindrical four-millimeter-diameter and two-millimeter-deep OCDs were created in the medial condyle weight-bearing
region. After the medial condyle was exposed, we always placed the
sleeve at the center of the condyle, perpendicular to the chondral surface and with the same axis to the femoral shaft so that all of the defects
were at the same location. These standard defects were made using a
sleeve-controlled drill (Fig. 1). The drill bit was four millimeters in
diameter and two millimeters longer than the sleeve. When the sleeve
was positioned against the chondral surface, we were able to create a
two-millimeter deep defect. Only OCDs were applied to the knees of
the rabbits in the control group (group A), and spontaneous healing
was examined. OCDs were created and MF was performed in the rabbits
in the second group (group B); in the third group (group C), after creating OCDs and performing MF, ADSCs were applied to the defect.
2.3.1. Standard surgical procedures common to all three groups
The animals were brought into the operating room. For sedation and
analgesia, 15 mg/kg of xylazine (Rompun, Bayer, Leverkusen, Germany)
was administered IM to the rabbits. For anesthesia, 45 mg/kg of
ketamine hydrochloride (Ketalar, Zentiva, Kirklareli, Turkey) was
administered IM 10 min later. The knee was shaved carefully to avoid
harming the dermis and marked with a pen to indicate the precise
incision.
The entire leg was stained with povidone iodine three times and
allowed to dry. With a perforated sterilized surgical cover, all body
parts were covered except the knee where the operation was to be performed. A longitudinal incision was performed in the medial
parapatellar area. The subcutaneous layer and articular capsule were
passed with a longitudinal incision. The joint was observed, and the patella was dislocated laterally (Fig. 2). While the knee was ﬂexed, it was
placed on the femur medial condyle cartilage perpendicular to the guide
articular surface. By carefully passing a four-millimeter-diameter drill
through the guide, a two-millimeter-deep cartilage OCD was formed
(Figs. 1 and 3). To avoid thermal damage, the surgical drill motor was
run at the lowest cycle, and during drilling, the defect area was washed

Fig. 3. A photo of a medial condyle in which we created a four-millimeter-diameter and two-millimeter-deep OCD. The middle illustration shows a distal femur after an OCD was created
with a drill. The right image shows a sagittal view of the same defect.
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with isotonic NaCl. The size of the formed defect and its parallel position
to the femur axis were checked. The cartilage debris in the defect was
removed with a mini-curette. The defect area and the interior of the
joint were power washed with isotonic NaCl. The joint capsule and
the dermis were closed. The wound sides were wiped with povidone
iodine, and 0.5 mg/kg of prophylactic amoxicillin trihydrate (Clamoxyl,
Pﬁzer, USA) was injected subcutaneously. To avoid potential damage to
the sutures and the wound by the rabbit, the sutured and covered
wound was wrapped with a bandage (Tensoplast, BSN Medical,
England). One-third of the animals were not treated to allow for
spontaneous healing (group A).
2.3.2. The surgical procedure performed in the MF group (group B)
In addition to the procedures described above, a single MF was
performed with a 1.5-mm drill from exactly the center of the defect,
ensuring that it was in the same plane as the femoral medulla (Fig. 4).
Leakage of blood and adipose tissue from the medulla was observed,
and the joint was irrigated and sutured.
2.3.3. The surgical procedure performed in the ADSC treatment group
(group C)
The surgical procedure performed on group B was repeated on this
group. Additionally, after the joint defect area was washed, the 0.1-cm3
semi-gel ADSC solution, which was brought to the operating room following the MF in a 30-gauge injector under cold chain conditions, was carefully administered into the center of the defect without overﬂow from
the knee joint (Fig. 5). The knee joint capsule was tightly sutured.

Fig. 5. The implantation of AMSCs in the defect area.

Germany) for sedation and analgesia. For anesthesia, 45 mg/kg of ketamine hydrochloride (Ketalar, Zentiva, Kirklareli, Turkey) was administered IM 10 min later. The animals in which anesthesia was started
were given 1.5 cm3 of xylazine (Rompun, Bayer, Leverkusen, Germany)
intracardially and then were sacriﬁced. The rabbit cadavers were placed
in medical waste boxes and sent for disposal.
2.6. Histopathological examination

2.4. Post-operative care
Standard post-operative analgesia, wound care, cage surveillance,
feeding and sacriﬁce were performed similarly for all of the animals.
Post-operative care of the rabbits was conducted in cages in the animal
laboratory. The animals were fed ad libitum under normal living conditions, and they drank tap water. Post-operative examination for pain
and infection was performed. None of the subjects required additional
analgesic or antibiotic treatment. The surgical area was examined for
adhesiveness, discharge, rubor, and edema, and in two animals, the sutures in the wound area were found open on the second day. The dermal
wounds were immediately cleaned and re-sutured. No infection was
observed in the animals. One animal in the control group refused food
from the third post-operative day and died on the ﬁfth day.
2.5. Sacriﬁce
The animals that remained alive at eight weeks post-surgery were
administered 15 mg/kg of xylazine IM (Rompun, Bayer, Leverkusen,

The acquired samples of the distal femur joint were divided into ﬁvemillimeter slices in the coronal plane using physical methods. The slices
were ﬁxed with a 10% neutral formaldehyde dipping technique and
transported to the pathology laboratory. The samples were kept in acid
for one week for decalciﬁcation. A tissue block that included the slice
that centered on the cartilage defect was acquired from each subject.
The parafﬁn blocks were divided into ﬁve-micrometer slices with a
microtome (Leika RM2245, Wetzlar, Germany). For deparafﬁnization,
the slices were maintained in an incubator at 60 °C. Post-incubation,
the slices were exposed to xylene and were incubated in alcohol in a
series of concentrations decreasing from 96% to 70% for rehydration.
The slices retained in the alcohol series were washed with distilled
water. After staining with hematoxylin (33230, Riedel-de Haen,
Germany) for two minutes, the slices were washed in ﬂowing water
for ﬁve minutes to remove the extra stain from the tissue and then
stained with eosin (1345, Merck, Darmstadt, Germany) for 30 s. After
being washed under ﬂowing water for ﬁve minutes in an identical manner, the slices that passed through the alcohol series at concentrations of

Fig. 4. The microfracture procedure for the medial condyle. After a standard-sized OCD was created, a 1.5-millimeter diameter drill was used to create a microfracture. The right image
shows medullary bleeding after the procedure.
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Fig. 6. The distal femur sagittal samples obtained for the histopathological evaluation. Five-millimeter slices that were perpendicular to the joint surface and parallel to the femoral diaphysis were obtained using a microtome. The right image shows the slice, which was embedded in parafﬁn before slicing.

70%, 80% and 96% were air-dried and incubated in xylene for 30 min each
for transparency; then, they were covered with Entellan (UN 1866,
Merck, Darmstadt, Germany).
A sagittal slice passing through the defect center was examined
(Fig. 6) for each medial condyle sample. The samples were graded by
a pathologist blinded to the experimental groups, in accordance with
the parameters of the International Cartilage Repair Society (ICRS)
scale [19]. The slices were separately graded according to the ICRS,
and the ICRS points were determined for each subject.
The samples, which were acquired by slicing along the sagittal plane
from the exact center of the area in which the cartilage defect had been
formed, were stained with hematoxylin & eosin and evaluated by a
pathologist blinded to the experimental groups. The samples were graded
for cartilage tissue regeneration in accordance with the ICRS scale.
3. Results
All of the cartilage defects tended to close from the periphery to the center, and the
defects in treatment groups B and C were ﬁlled almost completely. In the ADSC group,
the healing and ﬁlling of the defect with repair tissue were slightly smoother than in the
MF group. However, there was no objective scoring difference in the macroscopic comparison of the groups, and thus, the examination entailed only general observations (Fig. 7).
3.1. Histopathological comparison of the treatment results
The histopathological analysis of the samples in group A (the control group) showed
that the surface of the repair tissue was irregular in all the samples, with the exception of
one sample. Whereas the samples in this group displayed a matrix composition of hyaline

Fig. 7. One of the distal femur samples from the ADSC treatment group. The defect area
was ﬁlled with newly repaired tissue.

weight in three subjects, healing was achieved through mixed cartilage formation in four
subjects and through ﬁbrocartilage tissue in two subjects. The cell distribution was generally in the form of a column–cluster mixture, and no sample was composed completely of
colonized cells. Cell viability was found in all the subjects. In the subchondral bone, many
of the subjects showed reformation. Whereas in one subject there was normal cartilage
mineralization, the other subjects exhibited abnormal mineralization (Fig. 8).
The results of the examination of the MF group (group B) were as follows: in the
histopathological analysis of the samples in the group that received classical treatment,
the surface of the repair tissue was regular in four subjects and irregular in the other
subjects. In the examination of the matrix composition of the samples of this group,
three subjects showed repair by mixed cartilage formation and six subjects showed repair
by ﬁbrocartilage tissue. In one subject, repair by ﬁbrous tissue was observed. The cell
distribution was generally in the form of a column–cluster mixture, and no sample was
composed completely of colonized cells in this group. Except for one subject, the subjects
showed cell viability. Whereas the subchondral bone showed a tendency for reformation
in ﬁve of the subjects, four subjects showed granulation tissue. Whereas six subjects
showed normal cartilage mineralization, abnormal mineralization was observed in four
subjects (Fig. 8).
The histopathological analysis of the samples in the ADSC group (group C) revealed
that repair tissue was regular in eight subjects and irregular in two subjects. In the examination of the matrix composition in the samples of this group, six subjects showed repair
by mixed cartilage formation, and four subjects showed repair by ﬁbrocartilage tissue.
There was no evidence of repair by ﬁbrous tissue in any of the subjects. The cell distribution was in the form of a column–cluster mixture in six subjects, and no repair tissue was
composed completely of colonized cells in this group. Cell viability was observed in all the
subjects. Whereas the subchondral bone was entirely normally shaped in one subject, it
showed a tendency for reformation in ﬁve subjects, and it showed a granulation tissue
pattern in four subjects. Except for one subject, the subjects displayed normal cartilage
mineralization (Fig. 8).
3.2. Statistical comparison of the treatment results
After the histopathological evaluation of the samples according to the ICRS scale,
statistical analyses of the results were performed using Statistical Package for the Social
Sciences (SPSS). The statistical signiﬁcance value was set at p b 0.05. For descriptive statistics, the mean and standard deviation were used (Table 1). Because the ICRS grading technique is an approximate scale and the number of samples was small, the results of the
histopathological evaluation of the groups were analyzed using the Kruskal–Wallis nonparametric test (Table 2, Graphic 1). The variables that displayed a signiﬁcant difference
were compared using the post hoc-Dunn test (Table 3).
Surface: When the groups were compared in terms of the surface of the repair tissue,
group C had a better mean than groups A and B (Table 1). The comparison using the post
hoc-Dunn test revealed that group C showed signiﬁcantly better healing than group A,
which underwent spontaneous healing (p = 0.003). No signiﬁcant differences were
observed in the surface morphology between group A and group B or between group B
and group C (p = 0.21 and p = 0.077).
Matrix: When the groups were compared in terms of the matrix of the newly formed
cartilage, it was observed that in group A, which underwent spontaneous healing, the
matrix was signiﬁcantly better than in group C (p = 0.01). No signiﬁcant differences
were observed in the matrix evaluation between group A and group B or between group
B and group C (p = 0.21 and p = 0.17).
In terms of cell distribution, cell viability, and subchondral bone, there were no
signiﬁcant differences between the groups (Kruskal–Wallis test; p = 0.198, p = 0.387,
p = 0.699, respectively).
Cartilage mineralization: The comparison of the existence of close-to-normal cartilage
mineralization among the groups revealed that group C showed a signiﬁcantly better
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Fig. 8. Post-mortem histopathological evaluation of each of the three groups at the eighth week post-operation. The microscopic images show the chondral healing differences between the
OCD (left), OCD + MF (middle) and OCD + MF + AMSC (right image) groups. Smooth surface, mixed hyaline and ﬁbrocartilage healing areas were observed in OCD + MF + AMSC (right
image). H&E 200.

result than group A (p = 0.001). Similarly, group B had a signiﬁcantly better result than
that of group A (p = 0.036). Group C had a better mean score; however, the mean score
of group C was not signiﬁcantly better than that of group B (p = 0.185).

4. Discussion
In this study, we investigated the contribution of SC recruitment,
applied as ADSCs, in addition to MF to defect healing for the treatment
of cartilage defects. Cartilage defect healing in the subjects in our groups
was evaluated using the parameters in the ICRS scale. Comparing the
results of the group that received ADSCs post-MF to those of the group
with MF only, the former group had higher mean results for the surface,
matrix, cell viability, subchondral bone and cartilage mineralization
(Table 1). However, our study showed no statistical difference
(Table 3). Comparing the results of the MF group to those of the control
group, the MF group had higher mean results for the surface, cell distribution and cartilage mineralization (Table 1). However, only the cartilage mineralization parameter was signiﬁcantly better in MF group
(Table 3).
The functions of chondrocytes are susceptible to hormonal effects
[20]. Whereas growth hormone, thyroxin and testosterone accelerate
glycosaminoglycan synthesis, cortisone, hydrocortisone and estradiol
decelerate it. The hypophyseal growth hormone somatotropin
stimulates the growth of cartilage cells indirectly by stimulating

somatomedin C synthesis in the liver [20]. In this experimental study,
we used male rabbits to ensure that the results would not be affected
by possible hormone changes and increases in body weight from
pregnancy.
Different approaches regarding the number of applied SCs have been
used in studies of cartilage defect repair with SCs, with the number of
SCs varying from one to 5 × 106 [7,11,14]. In our study, we applied
3 × 106 SCs around the defect.
It has been shown in the rabbit knee that cartilage defects with a
diameter of four millimeters or greater do not close spontaneously,
whereas cartilage defects with a diameter of less than four millimeters
do heal spontaneously [13,21]. In the OCD group in our study, although
we observed that the defect showed a tendency to heal from the periphery to the center, there was no full closure. To verify the effectiveness of
our treatment, we created OCDs at a size (four millimeters) at which the
medial femoral condyle in the rabbits could not spontaneously close on
the joint surface.
The mean cartilage thickness at the anteromedial femoral condyle
has been reported as 0.3 ± 0.07 mm in the literature [22]. Although
there is no standard depth when creating such defects, there are
published studies with defects ranging from one to four millimeters in
depth [23]. In one study, defects with a two-millimeter depth were created in the knees of rabbits [24]. In another study, general defects with a
three-millimeter depth were created in cartilage on the knees of rabbits

Table 1
Mean, SD and median values for each group according to the ICRS scale.
Group
A

B

C

N
Mean
SD
Median
N
Mean
SD
Median
N
Mean
SD
Median

Surface

Matrix

Cell
distribution

Cell
viability

Subchondral
bone

Cartilage
mineralization

9
0.33
1.00
0.00
10
1.20
1.55
0.00
10
2.40
1.26
3.00

9
2.11
0.78
2.00
10
1.20
0.63
1.00
10
1.60
0.52
2.00

9
1.22
0.83
1.00
10
1.80
0.42
2.00
10
1.60
0.52
2.00

9
3.00
0.00
3.00
10
2.80
0.63
3.00
10
3.00
0.00
3.00

9
1.56
0.73
2.00
10
1.40
0.70
1.50
10
1.70
0.67
2.00

9
0.33
1.00
0.00
10
1.80
1.55
3.00
10
2.70
0.95
3.00

Table 2
The Kruskal–Wallis test showed signiﬁcant differences only in the surface, matrix and cartilage mineralization parameters between the three groups. All of the groups were similar in terms
of cell distribution, cell viability and subchondral bone.
Kruskal–Wallis

Surface

Matrix

Cell distribution

Cell viability

Subchondral bone

Cartilage mineralization

Chi square
P

8.915
0.012

6.720
0.035

3.242
0.198

1.900
0.387

0.716
0.699

11.647
0.003

Bold values indicate signiﬁcance at pb0.05.
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Table 3
The Dunn test shows the signiﬁcant changes between groups.
Dunn

Surface

Matrix

Cell distribution

Cell viability

Subchondral bone

Cartilage mineralization

A vs. B
A vs. C
B vs. C

0.21
0.003
0.077

0.21
0.01
0.17

NS
NS
NS

NS
NS
NS

NS
NS
NS

0.036
0.001
0.185

[25]. In additional studies, four-millimeter-diameter and three-millimeter-deep full-thickness cartilage defects and 4.5-mm-diameter and
three-millimeter-deep defects were created [11,13]. In yet another
animal study, a four-millimeter-deep cartilage defect was created in a
rabbit knee [23]. In our study, we created OCDs that were four millimeters in diameter and two millimeters deep in accordance with the
previous literature. We operated on the medial condyle of the rabbit
knee, which is the most frequently used model in cartilage defect management studies [1,11,25]. It is possible that such a wide defect would
not be applicable to standard clinical scenarios compared with the
human knee, but we primarily aimed to determine the differences in
chondral repair between groups.
The local environment is crucial for the differentiation of SCs [26,27].
Additionally, progenitors in the synovial ﬂuid play a signiﬁcant role in
SC differentiation [28]. Because local growth factors (the autocrine
effect) or factors originating from the synovia (the paracrine effect)
are active in cartilage metabolism [26–28]. In addition, systemic hormones affect chondrocyte metabolism through diffusion via the synovial ﬂuid [29]. The existence of potent SCs in synovial ﬂuid, which are one
hundred times more efﬁcient in chondrogenic potential than those in
ADSCs and Bone Marrow derived mesenchymal Stem Cells (BMSCs),
has been shown through in vitro cultures [10,30,31]. We did not apply a
barrier cover, such as a collagen membrane, periosteum, or perichondrium, over the defect. Following the application of these barriers, stability
of the barrier is not guaranteed, and a coverage loss ratio of up to 70%
may occur [1].
In the ﬁrst stage, SC cultures may be unable to adapt to the tissue to
which they are applied, and synthetic or biological scaffolds are used. In
these scaffolds, many features are important, such as mechanical properties that are suitable for the tissue to be applied, size, degradation
time, vascularity tolerance, and a suitable surface for cell adsorption.
These polymers are difﬁcult to acquire, they are expensive, and they
lead to bioadaptability problems [32]. Application of SCs directly into
the joint is a simple osteoarthritis treatment. Previous studies have
shown that SCs can live without scaffold and that the cells injected
into the joint can maintain their viability [6]. Many animal studies
have reported the application of SCs directly into joints [14,33,34]. In a
well-known study, Lee et al. directly injected SCs into joints [33]. In
our study, it was appropriate to apply SCs directly to the defect without
using a scaffold.
Cartilage tissue is adapted to a pressurized environment, and it requires recurring movement cycles to obtain nourishment and remove
metabolites [8,29,35]. The application of hydrostatic pressure to
chondrocytes results in a signiﬁcant increase in the total collagen
content and shaping [8,36]. At the end of eight weeks of pressure application, the GAG content in a pressurized group increased signiﬁcantly
[36]. Signiﬁcant proliferation of chondrocytes was shown in cultures
grown under shear force rather than in a static culture environment,
and an increase in TGF-beta synthesis under shear forces was reported
[37]. Based on data from previous studies, we did not immobilize our
animals and we permitted free movement in our study.
There were limitations in our study. Although additional time may
be needed for chondral healing, we terminated the experiment in the
eighth week based on the general practice in the literature (between
six and 12 weeks). Additional time could have been allotted to observe
long-term changes. Another uncertain aspect in the literature is the
appropriate number of cells to be used because other researchers have
reported their results using different numbers. The low number of

cells may be one reason that we could not obtain signiﬁcant cartilage
healing. We do not know the precise correlation between the outcome
of the applied treatment and the number of cells. A membrane or
scaffold like material may help the persistence of these cells around
the defect. We did not use such a barrier because of previously reported
high failure rates. We harvested all of the ADSCs from a single, separate
animal to prevent additional post-operative complications in the experimental animals. We do not know whether ADSCs obtained from the actual injured animal (i.e., if each rabbit provided its own stem cells)
would yield better results. In addition, the animals were not genetically
identical and there might be potential for immunogenicity of the stem
cells. Due to technical inadequacy, we were only able to utilize hematoxylin & eosin staining, which enables observation of the general cellular architecture. If we could have stained the samples with Safranin-O to
determine the proteoglycan content of the cartilage tissue and the matrix, we could have revealed the quality of the newly formed cartilage in
more detail. Maybe surface repair chondrocytes come into the joint
from the node of Ranvier, also we could not demonstrate this due to
technical inadequecies again. Another unexpected result of our study
was that, group A had signiﬁcantly more matrix than group C and a
trend to have more matrix than group B. We could not explain the reason of this with our knowledge and current literature.
In our study, in terms of histopathological improvement, the
MF + ADSC group did not show statistically signiﬁcant superiority to
the MF group. We believe that the application of ADSCs after MF did
not contribute signiﬁcantly to chondral healing. In light of these results,
further research is needed to investigate the clinical necessity of additional ADSC treatment in patients with MF. The speciﬁc indications
should be deﬁned for this treatment, which is relatively expensive,
and the treatment should be practiced in a manner that has been
shown scientiﬁcally to be effective.
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