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Abstract

Introduction: Regarding the limited ability of the damaged cartilage cells to self-renew, which is due
to their specific tissue structure, subtle damages can usually cause diseases such as osteoarthritis.
In this work, using laser photobiomodulation and an interesting source of growth factors cocktail
called the synovial fluid, we analyzed the chondrogenic marker genes in treated hair follicle dermal
papilla cells as an accessible source of cells with relatively high differentiation potential.

Methods: Dermal papilla cells were isolated from rat whisker hair follicle (Rattus norvegicus) and
established cell cultures were treated with a laser (gallium aluminum arsenide diode Laser (A=780
nm, 30 mW) at 5 J/cm?), the synovial fluid, and a combination of both. After 1, 4, 7, and 14 days,
the morphological changes were evaluated and the expression levels of four chondrocyte marker
genes (Col2al, Sox-9, Col10al, and Runx-2) were assessed by the quantitative real-time polymerase
chain reaction.

Results: It was monitored thattreating cells with laser irradiation can accelerate the rate of proliferation
of cells. The morphology of the cells treated with the synovial fluid altered considerably as in
the fourth day they surprisingly looked like cultured articular chondrocytes. The gene expression
analysis showed that all genes were up-regulated until the day 14 following the treatments although
not equally in all the cell groups. Moreover, the cell groups treated with both irradiation and the
synovial fluid had a significantly augmented expression in gene markers.

Conclusion: Based on the gene expression levels and the morphological changes, we concluded
that the synovial fluid can have the potential to make the dermal papilla cells to most likely mimic
the chondrogenic and/or osteogenic differentiation, although this process seems to be augmented
by the irradiation of the low-level laser.

Keywords: Hair follicle dermal papilla cells; Differentiation; Laser photobiomodulation; Synovial
fluid; Cartilage.

Published online July 6, 2019

Introduction

A hair follicle consists of two main regions originated from
the embryonic ectoderm and the mesenchymal cells.!
The relationship between these cells is necessary for the
development of many structures such as hair, teeth, etc.
While the hair follicle epithelial stem cells are markedly
located in a region called bulge, the mesenchymal
cells are mainly in the dermal compartment which
comprises the dermal papilla, a group of teardrop-shaped
cells surrounded by a network of nerves and vessels,
causing the activation of matrix keratinocytes through
morphogenetic and mitogenic signals® and the dermal

sheath.! The hair follicle dermal cells have maintained
their embryonic-like properties to some degree because
they are segregated from intrafollicular dermis relatively
early on in follicle development. Given this point, it can
be said that these cells are one kind of embryonic cells
which have remained in the adult system.* Therefore, the
dermal papilla cells have attracted many scientists because
of their potential in the regulation of development and
growth, although it is assumed that they are a source
of multipotent mesenchymal cells which have a high
differentiation potential* as they can differentiate into
adipogenic, osteogenic,” odontogenic,® and myogenic
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lineages,” and also repopulate the hematopoietic system.?
Besides, lineage analysis indicates that both hair and
whisker follicle dermal papillae contain neural-crest-
derived cells.® Finally, among the distinctive advantages
of the hair follicle cells, the property of being easily
accessible’ makes these cells some attractive targets for
cell therapy purposes.

To date, many scientists have reported the
differentiation of mesenchymal cells toward chondrocytes
occurs through several steps including the condensation
of the mesenchymal chondroprogenitor cells in
order to differentiate into chondrocytes. Following
chondrogenesis, the chondrocytes would either undergo
the resting stage and differentiate into the articular
cartilage or proliferate and pass the prehypertrophic and
hypertrophic stages under the effect of different factors
in a process called endochondral ossification in order to
form the bone." The mature chondrocyte is one kind of
the connective tissue susceptible to injuries because of its
limited abilities for self-renewal, which causes irreversible
injuries; therefore, repairing the cartilage defects by a
variety of methods has become an interesting subject for
many studies. Osteoarthritis is one of the most prevalent
degenerative joint disorders, leading to pain and disability
of millions of people worldwide.!" Since treatment with
medications has not led to a complete recovery, today
cartilage engineering based on autologous chondrocyte
implantation (ACI) brings new hopes for treating this
disease.”? The purpose of ACI is to treat the cartilage
lesions through the implantation of the autologous
chondrocyte which has been expanded by a cell culture.
However, in order to use invasive methods and overcome
the problems regarding the use of chondrocytes such as
the limited amount of cells obtained in biopsies, scientists
have begun to focus on mesenchymal stem cells as an
interesting source of cells for cartilage repair.

The low-intensity laser irradiation or
photobiomodulation (PBM) therapy can cause a bio-
stimulation response which leads to an increased
gene expression and stem cell migration in an in vitro
condition® as it is proved that Runx-2 gene expression (a
very popular gene marker for osteogenesis) will increase
following the low-level laser irradiation."* Besides, it
has been shown that the low-intensity laser is useful
not only in increasing the cell proliferation® but also
in accelerating the rate of the differentiation toward
different cell lineages in combination with different
growth factors."'® The increased cell proliferation and
migration following the irradiation is because of the
several molecular mechanisms including the inhibition
of inflammatory cytokines such as tumor necrosis factor
alpha (TNF-a), interleukin 1 beta- (IL-1p), interleukin 6
(IL-6), and interleukin 8 (IL-8), the elevated amount of
nuclear factor-kappa B (NF-kB) activation, the induction
of reactive oxygen species (ROS); the increased amount
of inducible nitric oxide synthase (iNOS) activity, the

augmentation of cellular adenosine three phosphate
(ATP) levels, the upregulation of growth factors such
as platelet-derived growth factor (PDGF), insulin-like
growth factor-1 (IGF-1), nerve growth factor (NGF),
transforming growth factor-beta (TGF-p), and fibroblast
growth factor-2 (FGF-2), the stimulation of protein kinase
C (PKC) activation, the inhibition of apoptosis, and others
and their corresponding signaling pathways.">"

The synovial fluid (SF) is a very viscose fluid secreted
by the synovial membrane and its main responsibility is
both to lubricate the bones and to nourish the cells of
cartilage tissue which does not have any blood vessels.’
SF in patients with rheumatoid diseases consists of a
significant amount of hyaluronic acid and also contains
lubricin, glycoproteins, growth factors (like TGF-f, FGF,
and IGF-1), prolactin hormone, growth hormones, and
cytokines like IL-6, Interleukin 1 (IL-1), and TNF-a.'%*
There are a number of studies evaluating the effectiveness
of SF and its mesenchymal stem cells in order to relieve
the chondrocytes defects.*

The aim of this study was to investigate the effect of the
SE the laser irradiation, and a combination of both on the
differentiation potential of the dermal papilla cells toward
chondrocyte and osteocyte lineages.

Materials and Methods

Isolation of the Dermal Papilla Cells From the Rat
Whisker Hair Follicles

The rat whisker follicles were isolated as previously
described.” In brief, first, an L-shaped incision was made
behind the whisker pad under a dissecting microscope.
The whisker pad was inverted and fat and connective
tissues were removed so the follicles were exposed. The
hair follicles were dissected and placed in dissection media
containing Dulbecco’s modified Eagle’s medium (DMEM,;
Inoclon, Iran) supplemented with 1% Antibiotics (100
U/mL penicillin and 100 pg/mL streptomycin; Gibco,
USA) and 0.5 pg/mL amphotericin B (Sigma-Aldrich,
USA). Then using a pair of insulin needles under a
stereomicroscope in a sterile environment, the end bulbs
were inverted and dermal papillae appeared. By cutting
the basal stalk, which links the dermal papilla to the
connective tissue, the dermal papillae were dissected from
the hair follicles.

Establishment of Dermal Papilla Cell Cultures

About 6 dissected dermal papillae were pooled in the
initial medium and cultured in 24 well plates in 37°C
and 5% CO2. The initial medium contained Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal
bovine serum (FBS; Gibco, USA) and 1% antibiotics and
amphotericin B as described before. The cultures were
maintained for 1 week, and after that the initial medium
replaced by the expansion medium contained Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS,
1% antibiotics and amphotericin B. After the cell culture

172 |

Journal of Lasers in Medical Sciences Volume 10, Number 3, Summer 2019


http://en.wikipedia.org/wiki/Synovial_membrane

Gene Expression Analysis of Chondrogenic Markers

reached an 80% confluence, it passaged routinely. To
confirm that the cultured cells are from the dermal
papilla, the expression of dermal papilla gene marker
alkaline phosphatase was assessed and 4 groups of cell
cultures were classified:

1. SF treated

2. PBM treated

3. SF and PBM treated

4. Controls (no treatment)

Chondrogenic Differentiation

To induce the chondrogenic differentiation, cells from
3-5 passages were cultured in the differentiation medium
containing DMEM supplemented with 1.5% SE, 10% FBS,
1% antibiotics and 1% amphotericin B for 1, 4, 7, and 14
days. This media was applied to the cells with each culture
medium exchange. The SF used in this study was taken
from children with rheumatoid arthritis (RA), diagnosed
by a rheumatologist later, under an IRB-approved protocol
in Mofid children’s hospital (Tehran, Iran). In order to
separate the cells and other unwanted materials in SE it
was centrifuged for 5 minutes at 1500 rpm.

Laser Irradiation

The gallium aluminium arsenide (GaAlAs) diode Laser
780 nm wavelength (Transverse IND. CO., LTD., Taipei,
Taiwan) used in this study was supplied and set up by the
Laser and Plasma Research Institute (Shahid Beheshti
University, Tehran, Iran). The laser was sterilized via
flushing 70 % ethanol on its surface thoroughly and it
was placed in the laminar flow hood. Semi-confluent
monolayers of the hair follicle dermal papilla cells were
irradiated with the lids off and the medium was replaced
by Phospha t e buffer saline (PBS; Inoclone, Tehran,
Iran) during the irradiation. The irradiation took place
in 24 well plates in dark and at room temperature. It
was calculated that for the output power of 30 mW it
would take 5 minutes and 33 seconds to deliver 5 J/
cm? which was demonstrated to increase the RNA and
protein synthesis in previous studies.” These values were
calculated using the formula E[J/cm?]=P[W] xt[s] / A
[cm?], where E representing energy, P is the output power,
t is the calculated time for irradiation, and A is the area
value which here is 200 mm?®.

After the irradiation, some plates were incubated with
the differ e ntiation medium while the others incubated
with the normal expansion medium as described before.
Non-irradiated cells were used as controls and the same
conditions applied to them. Both irradiated and non-
irradiated samples were re-incubated at 37°C and 5% CO2
for 1, 4, 7, and 14 days. PBM treated cells were irradiated
once.

RNA Extraction and Quantitative Reverse Transcription
Real-Time Polymerase Chain Reaction (Q-RT-PCR)
Total RNA was isolated from independent biological

replicates of the hair follicle dermal papilla cells,
using the easy-BLUE(TM) Total RNA Extraction Kit
(iNtRON Biotechnology Inc., South Korea), following
the manufacturer’s instructions. RNA concentration and
quality were determined by using Nano Drop (Thermo
scientific, the USA) and electrophoresis on the agarose
gel. On the basis of 500 ug of RNA, the first strand cDNA
was synthesized by using Maxime™ RT PreMix (Oligo
(dT) 15 Primer) (iNtRON Biotechnology Inc., South
Korea). The ALP expression was shown via RT-PCR
using Taq 2x Master Mix Red-Mgcl2 1.5 mM (Ampliqon
Inc., Denmark). In order to assess the different gene
expression patterns, an equal amount of the resulting
cDNA was subjected to real-time PCR using a Rotor-
Gene 6000 (Corbett Life Science, Sydney, Australia). The
oligonucleotide primers are listed in Table 1 and beta-
actin was measured as an endogenous control. The qQPCR
Green-Master with low ROX (PCR-316S, Jena Bioscience,
Germany) was used to amplify the interested regions
following the standard protocol of the supplier. For the
relative quantification, a standard curve was generated
by serially diluting (500,250 , 125, and 62.5 ng/ul) the
pool of cDNA samples with a high expression value. The
standard curve was calculated by plotting the log value of
the starting concentration versus the threshold cycle (Ct).
Amplification efficiencies were determined based on the
slope of the standard curve using the following equation:
E% = [10(- 1/slope) - 1] %, and the correlation coefficient
(R?) was calculated by Rotor- Gene 6000 analysis software.
The threshold cycle (Ct) and melting curves were acquired
by using the quantitation and melting curve program of
the Rotor-Gene 6000 analysis software.

Target gene expression levels (Col2al, Sox-9, Coll0al,
and Runx-2) were normalized by the endogenous beta-
actin level in each treated cell group. For comparison
of the treated groups, the relative mRNA levels were
subsequently normalized against the control cell group
values.

Statistical Analysis

The fold change of each target gene was calculated using
-AACt method (2744).# Changes in the expression
of target genes in the treated cell groups which were
normalized by beta actin as the internal reference gene are
shown as relative up- or down-regulation in comparison
with the control group. Data from real-time PCR were
analyzed by unpaired t test in order to compare between
two groups (each group versus the control cell group).
P values < 0.05 were considered statistically significant.
Data were analyzed using the SPSS version 20.0 software.

Results
The Isolation and Culture of the Dermal Papilla
Mesenchymal Cells

After a week the dermal papillae were attached to the
plate and their cells migrated toward outside as shown in
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Table 1. Primers Used in This Study

Genes Primer sequences (5™-3") Annealing temperature (°C) Size (bp) Gene Bank Code
Col2al? E EE/Z‘GI'Q//:TC g;g?gg.?&cgcg 60 109 NM_012929.1
wmer EOCOCOMOTTION o
Gotioar Fi AMCAGGCAGCAGCACTATG 5o 15 Ni31040
- F CTGAAGGGCTACGACTGGAC " 140 XM_001081620 5
Beta actin ;:: igAg_? gﬁiﬁg@gﬁ?&/ﬁj 56 228 NM_031144.3
Alpe F: CGGACCCTGCCTTACCAACTCATTTGTGC 70 401 NM_013059.1

R: CCTGAGTGGTGTTGCATCGCGTGCG

2 Collagen type Il alpha 1; ® Runt-related transcription factor 2; < collagen type X alpha 1; 4SRY (sex determining region Y)-box 9; ¢ Alkaline

phosphatase.

Figure 1 A and B. Subculture and passage of cells have
been performed 3 weeks after isolation. The RT-PCR
analysis of control cells without any treatment showed the
ALP expression (Figure 1C).

Cell Morphology

The Morphological Changes in Cells Treated With the
Synovial Fluid

Following the treatment of dermal papilla cell cultures
with the SE the morphology of the cells altered
dramatically from day 1 to day 14 (Figure 2). During the
initial days of treatment until day 4, the cells displayed
the characteristic cobblestone morphology under a phase
contrast microscope and on day 4 the cells significantly
looked like mouse primary cultured rib and articular
chondrocytes.® During the last days from day 7 to
day 14, the cells produced an even more pronounced
morphological alteration as cells started to become
exceedingly long. It is notable that the cells connect to
each other and form tissues patterns as this demonstrated
(Figure 2). Generally, on day 14 the maximal

Beta-Actin [N

Figure 1. (A) Cells during migration (x4). (B) Cell culture at passage 3
(x10). (C) The alkaline phosphatase mRNA detected by RT-PCR (C: control
group without treatment -: control negative).

morphological response in the cells was monitored.

The Effect of the Laser Irradiation on the Cells in
Comparison With the Cells in the Control Group

By applying the GaAlAs diode Laser (A=780 nm, 30 mW)
at 5 J/cm? for 5 minutes and 33 seconds, an increased
proliferation rate was detected using trypan blue along
with the hemocytometer to determine the changes in the
cell number in the treated group compared to the control
group which was in the same condition as the irradiated
cells. The morphological shape of the cells did not change
significantly until day 14 under the treatment of the laser
irradiation.

The Morphological Changes in the Cells Treated With the
SF and the Laser Irradiation
The cells morphology altered significantly and rapidly,

ay 14

Day 7

Figure 2. The Effect of the SF on the Morphology of the Dermal Papilla
Cells on Day 1, Day 4, Day 7, and Day 14 (x40).
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showing the effect of the laser irradiation in combination
with the SF on inducing differentiation and proliferation
(Figure 3). However, the differentiated morphology
in the first group was much more obvious as here the
characteristic morphology was not monitored and the
same differentiating pattern was not repeated.

Analysis of Gene Expression in Each Group by Real-
Time PCR

Real-time PCR was used to compare the expression
levels of each target gene (Col2al, Sox-9, Coll0al, and
Runx-2) in the treated cell groups to those in the control
cell groups. Although all genes were up-regulated until
day 14 following the treatments, it was not equal for all
cell groups and our results showed a similar expression
pattern in Sox-9 and Col2al genes and also in Runx-2 and
Col10al genes as their up-regulation was alike (Figure 4
A, B, C,and D).

The sox-9 gene expression in the group treated with
just SF and the one treated with a combination of both SF
and laser irradiation was slightly up-regulated, especially
between the days 7 and 14. However, the group treated
with just the laser irradiation had the lowest amount of
gene expression. The expression of Col2al gene in all
groups was relatively similar to the Sox-9 expression
pattern.

Runx-2 and Coll0al gene expressions had the highest
expression values on days 7 and 14. Runx-2 gene was
highly up-regulated on days 7 and 14 in the laser
irradiated cell group and on days 4, 7, and 14 in the third
group in comparison with the other genes. Besides, its
expression on days 1 and 4 in the SF treated cell group was

Day1 Day 4

Day 7 Day 14

Figure 3. The effect of the SF and the Laser Irradiation on the Morphology
of the Dermal Papilla Cells on Day 1, Day 4, Day 7, and Day 14 (x40).

surprisingly higher than the others. In the laser irradiated
cell group, Col10al gene expression was not mentionable
(Figures 4A-D).

Discussion
It is assumed that the dermal papilla cells are a source of
multipotent mesenchymal cells with high differentiation
potential. Oliver in 1967 using dissected DP and Jahoda
et al in 1984 using the dermal papilla cell cultures could
induce whisker hair follicle neogenesis in rats.*** Later,
other researches also started to work on these cells.
For instance, in 2002, it was shown that the dermal
compartments of the hair follicle can repopulate the mouse
hematopoietic system.* Further investigations showed the
differentiation potential of these cells toward adipogenic,
osteogenic, myogenic, and neurogenic lineages.>”*
Finally, using an inductive microenvironment, Gang et
al. demonstrated odontogenic potential of the cultured
vibrissae follicle dermal papilla cells.® In fact, it seems
that the hair follicle dermal papilla cells are an important
repository of the stem cells with a high degree of plasticity
and a striking regenerative capacity. In this study, we
analyzed the chondrogenic potential of these cells.

The factors involved in the process of the differentiation
of mesenchymal cells toward chondrocytes and osteocytes

(A) Day 1

Day 4
35
3
0 I | B i 1 L i 1
Col 2 Sox-9  Col 10 Runx-2 Col 2 Sox-9 Col 10 Runx-2
ESF WL =SL mSF WL ®SL
(C) Day 7 (D) Day 14

w

b
3 B £ 2 =
8 8 &8 8 8

%
=3

Relative
gene expressions
Relative
gene expressions
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]
S

o N Jd i i- 0 = [ 1 ||
Col2  Sox-9  Coll0  Rumx-2 Col2  Sox-9  Coll0 Rum-2

ESF WL mSL uSF mL mSL

Figure 4. The Relative Expression of Each Gene Considering Time. For
comparison, target gene expression levels (Col2al, Sox-9, Col10al, and
Runx-2) were normalized by the endogenous beta-actin level in each
treated cell group and subsequently normalized against the control cell
group values. Bars show the mean. Gene expression levels are expressed
as fold change from each group. * P < 0.05 versus controls.
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mostly include the cytokines,* the growth factors,” the
signaling proteins, the components of an extra cellular
matrix (ECM), and the transcription factors.”? There
is a complex network between these factors, which
determines the final destination of the cells.** In our
study, we investigated the changes of four important
chondrogenesis and Osteogenesis gene markers Sox-9,
Col2al, Runx-2, and Coll0al- as the result of treating
the cultured dermal papilla cells with the SE the laser
irradiation and a combination of both.

Our results showed a similar expression pattern
between Sox-9 and Col2al genes and also between
Runx-2 and Coll0al genes as their up-regulation was
alike in the cell groups. In vitro and in vivo analyses
indicated that there were chondrocyte-specific regulatory
sequences in the first intron of the Col2al gene which
included four imperfect Sox-9 binding sites.”” On the
other hand, Runx-2 is a known transcription factor for
osteoblastic differentiation and one of its directional
targets is the collagen type 10 gene. It has been identified
that there are two Runx2 putative tandem-repeat binding
sites within the 3’-end of a 150-bp region in a Col10al
distal promoter.®® Also, it has been shown that there is
a regulatory element upstream of the ColI0al gene that
upregulates its expression in hypertrophic chondrocyte.
This element also has a dual role and may interact with a
conserved sequence in Sox-9.”” The Sox-9 gene expression
patterns in the first group treated with just the SF and
in the third one treated with a combination of both the
SF and the laser irradiation were similar as they were
slightly up-regulated, especially between the days 7 and
14 while having the lowest amount of gene expression in
the laser irradiated cells. This increase may be due to the
factors in the SF like FGE, TGF-f, and IGF-1 that can up-
regulate the Sox-9 gene. It is shown that FGF increases the
expression of Sox-9 gene in both the chondrocytes and the
undifferentiated mesenchymal cells while it inhibits the
proliferating stage.”” Moreover, it has been revealed that
IGF-1 induces the expression of Sox-9 and inhibits the
matrix metalloproteinase-13 (MMP-13) which degrades
the collagen type 2."> TGF-p is a positive regulator of
chondrogenic cell determination by controlling the Sox-
9 gene expression. Besides, it causes an increase in the
generation of ECM components like collage type 2. The
role of TGF-beta in regulating terminal differentiation
can be variable and context-dependent.* While it has
also been shown that IL-6 in the SF can elevate the
Col2al expression,* it is assumed that the increased level
of Sox-9 and Col2al gene expressions is because of the
differentiating media that was added to the cell culture
with every exchange of the medium, and it can be the
reason why their expressions stayed high even on the
last days. The very slight up-regulation of Sox-9 gene
expression in the laser irradiated group can be due to the
fact that following the irradiation the hypoxia caused by
ROS generation increased the nuclear accumulation of

Hypoxia-inducible factor 1-alpha (HIF-1a) and activated
the Sox-9 promoter. Besides, it has also been reported that
the mRNA level of Sox-9 and Col2al have increased after
the laser irradiation.*

Runx-2 and Coll0al gene expressions had the
highest expression values on days 7 and 14, which can
be inferred that these days were closer to osteoblastic
differentiation as it was shown that in the prehypertrophic
and hypertrophic cells the expression of Coll0al and
its regulatory transcription factor Runx-2 increased
significantly. The Runx-2 gene had a higher expression
value in the laser irradiated cell group on days 7 and
14 and in the third group on days 4, 7, and 14 in
comparison with the other genes. It is shown that the
irradiation improves the osteogenic differentiation and
the expression of its correlated markers such as Runx-2
transcription factor '**!. Besides, our results also showed
that the amount of Runx-2 gene expression in the SF
treated cell group on days 1 and 4 was surprisingly higher
than the others. It has been indicated that there is an
increased amount of endogenous FGF-2 in the SF of RA
patients and that FGF2 signaling can increase RUNX-2
activity through the MEK/ERK pathway.**** Runx-2 also
exerts reciprocal inhibition to Sox-9 transactivity and it
can be one of the causes of the reduced amount of Sox-
9 and its target gene Col2al in comparison with Runx-
2 and ColI0al gene expressions.* In the laser irradiated
cell group, the Coll0al gene expression was not as high
as the other groups. Although it has been reported that
the low-level laser irradiation up-regulates the osteogenic
differentiation, it is inferred that some of the activated
pathways by the irradiation in the cell would cause the
Coll0al gene to be inhibited. It has been shown that in
the lung fibroblasts, hepatocyte growth factor can inhibit
the collagen” and it was described elsewhere that the
hepatocyte growth factor receptor is highly activated via
the low-level laser irradiation" and this may be the cause
of the lower expression of the Col10al gene in comparison
with Runx-2 in the laser irradiated cell group.

Conclusion

In conclusion, we can say that using the SF would
cause the dermal papilla cells to most likely mimic the
chondrogenic differentiation, and this process seems to
be augmented by the irradiation of the low-level laser. In
this article, we believe that cells at 7 and 14 days are going
through prehypertrophic and hypertrophic stages and the
first days phenotypes are resemblance of chondrogenic
phase of reprogramming. However, additional analysis
still has to be done. For the future studies, besides doing
some additional experiments, our laboratory intends to
autologously transplant these differentiated cells into the
injured cartilage or bone in mice in order to examine their
therapeutic potential for repairing the damaged articular
cartilage and bone.
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