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Abstract. — OBJECTIVE: Chondroitin sulfate
(CS) is a glycosaminoglycan with proven anti-in-
flammatory, anti-apoptotic, anti-oxidant proper-
ties. CS increases type Il collagen and proteo-
glycan synthesis in human joint chondrocytes.
CS can reduce the production of pro-inflamma-
tory mediators and proteases to improve the an-
abolic/catabolic balance of the extracellular car-
tilage matrix (ECM). Due to these characteris-
tics, it is a natural compound that is considered
to be Symptomatic Slow-Acting Drugs for Os-
teoarthritis (SYSADOA). Microbial chondroitin
sulfate (MCS) was produced from two different
bacterial sources using biotechnological meth-
ods by our team. In this study, we aimed to ap-
ply microbially produced CS and bovine-derived
commercial CS forms to rabbit knees with os-
teoarthritis experimentally and to evaluate the
results.

MATERIALS AND METHODS: In this study,
a cruciate ligament cutting model was applied
to 40 New Zealand rabbits to induce experimen-
tal osteoarthritis. Four weeks after the surgical
procedure, rabbits were divided into 4 groups
as control, animal-derived MCS, E coli-derived
MCS and PaJC-derived MCS group. The stan-
dard rabbit diet was fed to the control group,
and the other groups were additionally fed 17
mg/kg/day CS/MCS for 12 weeks. The rabbits
were sacrificed at the 12th week after surgery
and the preparations obtained were evaluated
histopathologically.

RESULTS: As a result, it was observed that re-
generation tissue was statistically significant in
histopathological cartilage tissue compared to
the control group of CS developed from differ-
ent sources given to rabbits with osteoarthri-
tis. It was determined that among the CS groups
produced from different sources, the group with
the highest chondroprotective effect was MCS
originating from E.coli.

CONCLUSIONS: This vegan product (MCS),
which we obtained as a result of our study, was
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produced by our team from a microbial source.
According to our analysis, it has the potential to
be an effective alternative therapy agent in the
treatment of osteoarthritis.

Key Words:
Chondroitin sulfate, Microbial chondrotin sulfate,
Osteoarthritis, Condroprotective.

Abbreviations

OA: Osteoarthritis; CS: Chondroitin sulfate; ECM: Ex-
tracellular cartilage matrix; SYSADOA: Symptomatic
Slow-Acting Drugs for Osteoarthritis; MCS: Microbial
chondroitin sulfate; SM: Synovial membrane; H&E:
Hematoxylin Eosin; MT: Masson trichrome; SO: Saft-
anin-O.

Introduction

Osteoarthritis (OA) is the most common form
of arthritis and its prevalence increases with
age. OA affects many joints and causes more
disability in load-bearing joints. Knee pain seen
in OA was determined to be the most com-
mon cause of physical disability in the elderly
population'?. There are many treatment options
currently available for osteoarthritis. The ideal
treatment for OA is to understand the mechanism
and prevent joint destruction and disease progres-
sion’. However, none of the treatment methods
is sufficient to completely eradicate the disease.
Analgesics, NSAID, exercises, physical therapy,
intraarticular agents (steroid, hyaluronic acid),
orthoses, patient education, glucosamine-chon-
droitin sulphate (CS) preparations and topical
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capsaisin are among the main treatment methods
used in the treatment of OA*. Cartilage is not the
only tissue affected in osteoarthritis. It undergoes
structural and metabolic changes in the subchon-
dral bone and synovial membrane (SM) with the
progression of the disease’. The management of
the disease process is difficult for physicians, as
the pathogenesis of OA is complex. The main
approach in the treatment of osteoarthritis is
symptom management with the aim of reduc-
ing pain and improving joint function. However,
control of symptoms is not the only goal to be
achieved in osteoarthritis. The most ideal treat-
ment for osteoarthritis should be preserving joint
structures by prioritizing increasing the quality
of life of patients®. Nutraceutical preparations
that are used and support the process are more
widely used today. The contamination is a major
problem in these products. Microbially produced
molecules such as MCS have an important poten-
tial in this field with their high degree of purity
and show a good safety profile. CS is an essen-
tial component of the extracellular matrix. It is
found in the extracellular matrix of many tissues,
including cartilage, bone, skin, and tendons’®.
It is widely used in medical procedures as cell
and tissue regeneration. It has been determined
that CS is absorbed by 70% when taken orally,
reduces leukocyte elastarase and hyaluronidase
activity, and increases the rate of hyaluronic ac-
id’. Its anti-inflammatory, anti-microbial and an-
ti-apoptotic properties make it effective in med-
ical applications. In these uses, mostly animal
based preparations are preferred. Prionic, viral
and ecological risks encountered in animal prod-
ucts have led to the need for alternative resources
in this context'’. Microbial Chondroitin Sulfates
(MCS) obtained from microbial sources are the
most important alternatives with their antiallergic
and biocompatible-non toxic structures that do
not carry prionic and viral risks, and have high
specificity'!. In our study, unique MCSs obtained
by biotechnological methods from recombinant
strains created by our team were used. In the
experimental osteoarthritis model created using
Himalayan rabbits, the effects of microbial CS
obtained from two different bacterial sources (E.
coli and P. aeruginosa) on the osteoarthritis heal-
ing process were investigated for the first time
and evaluated histopathologically.

CS can also reduce the activity of enzymes
that damage cartilage, such as collagenase and
phospholipase A2, the activity of lysosomal en-
zymes, and the formation of superoxide radicals'.

MCS, on the other hand, are known for their cat-
alytically more active, high biocompatibility and
effective cell healing effects. These properties
are associated with their low MA values. In our
study, the positive effect of oral MCS application
on cartilage regeneration was investigated.

Materials and Methods

For the study, the permission was obtained
from the Experimental Studies Ethics Committee
of our University with the Ethics Committee No.
2015/A- 67. In the study, 40 adult New Zealand
rabbits weighting between 3000 and 4000 g were
used for the anterior cruciate ligament dissection
model to create experimental osteoarthritis. In
rabbits, 0.1 cc/kg 2% Xylazine Hydrochloride
and 20 mg/kg Ketamine Hydrochloride were
administered intramuscularly for anesthesia, and
then, the right knee joints were reached with an
anterior longitudinal incision. After medial para-
patellar arthrotomy, the patella was dislocated
laterally and the anterior cruciate ligament was
cut, whether the cruciate ligament was complete-
ly cut was evaluated with the anterior drawer
test, and the experimental animals were left to
normal cage activity in the postoperative period.
The rabbits were randomly divided into 4 groups
4 weeks after the surgery. The standard rabbit
diet was fed daily to 10 rabbits in group 1 (con-
trol group) for 12 weeks. The rabbits in group 2
(tCS) were also given CS (17 mg/kg/day) of ani-
mal origin in addition to the standard diet. This
CSs to be administered to rabbits in this group
were obtained from bovine trachea and packaged
in lyophilized powder. In addition, this product
has been chosen from the SIGMA catalog as it
is the most cost-effective and relatively easy to
obtain alternative. The other 10 rabbits separated
as group 3 (mECS) were given microbial KS (17
mg/kg/day) from recombinant E.coli produced in
our project in addition to the standard diet. The
other 10 rabbits separated as group 4 (mPCS)
were given microbial CS (17 mg/kg/ day) origi-
nating from recombinant P. aeruginosa produced
in our project in addition to the standard diet.
The microbial CS types used in the study were
produced by our team'?. Sigma Aldrich C9819
preparation was used as commercial or animal
CS. At the end of the 12" week, all rabbits were
sacrificed by intramuscular high dose ketamine
administration. The operated knees of the rabbits
were resected, including the synovia, femur, and
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tibia joint surfaces. In addition to the evaluation
of macroscopic degenerative changes in femoral
medial condyle cartilage tissue, various parame-
ters were determined and evaluated for histologi-
cal evaluation of synovial tissue.

Histopathological Evaluation

Arthrotomy has been performed to the right
lower extremities of rabbits. Bone, cartilage and
synovial tissue samples taken under appropriate
conditions by osteotomy between the femur
distal and tuberositas tibia were randomly num-
bered and pathological analyzes were performed.
The materials were fixed in 10% formaldehyde
for 1 week. Following fixation, the tissues were
subjected to decalcification in 10% formic acid
solution for 7 days. The decalcification solution
was renewed every other day and, during this
period, the tissues in the decalcification solution
were kept on the shaker (Boeco PSU-15i) to in-
crease the effectiveness and reduce the duration
of the process. Within the scope of pathological
analysis after decalcification, the tissue was
divided into two sections, perpendicular to the
joint space from the insertion point of the me-
dial condyle, and cassetted in accordance with
macroscopic sampling rules. The samples were
washed under tap water for 3 hours to remove
acid and followed-up for 14 hours in a fully au-
tomatic tissue tracking device (Shandon excelsi-
or ES). During this procedure, the tissues under-
went once 30 minutes of formaldehyde, 6 times
60 minutes of alcohol, twice 60, once 90 minutes
of xylene, once for 60 minutes and twice for 90
minutes of paraffin. After the follow-up process,
3-4 micron thick sections were taken from the
paraffin-embedded tissues with a microtome
device (Leica RM 2255, Wetzlar, Germany).
Hematoxylin & Eosin (H&E), Masson trichrome
(MT) and Safranin-O (SO) staining techniques
were performed to the sections taken. Staining
and coverslip processes with H&E were per-
formed with a fully automatic staining-closing
device (Leica ST 5020). MT and SO staining
were studied by manual method as stated in the
literature. After that, the preparats were exam-
ined under a light microscope (Olympus Bx50,
Olympus Optical, Tokyo, Japan), whose images
were transferred to the computer environment.
The changes in the structure of the joint carti-
lage and the findings that constitute the basis for
the evaluation were examined in nine different
categories. The findings were as follows: artic-
ular surface irregularity, erosion (ulceration) of
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the cartilage, chondrocyte necrosis, chorocyte
clustering, cartilage tissue cracking, chondro-
malacia, reactive fibrocartilaginous hyperplasia,
synovitis and synovial hyperplasia. The analysis
of these parameters has been semi-quantitative-
ly divided into four degrees. According to this, it
was scored as grade 0: no change/normal, grade
1: mild, grade 2: moderate, grade 3: severe de-
generation/change.

Statistical Analysis

Data are summarized as mean =+ standard devi-
ation (SD). Kruskal-Wallis Variance Analysis and
Conover Paired Comparison Test were used for
statistical analysis. p-value of <0.05 was consid-
ered statistically significant. IBM SPSS Statistics
22.0 program (SPSS Inc., IBM Corp., Armonk,
NY, USA) was used for analysis. The differences
between groups in terms of variables were eval-
uated by Kruskal-Wallis Variance Analysis. In
variables with differences between the groups,
the Conover Test determined which of the two
groups had a statistically significant difference.

Results

Histopathological Analysis

When the sections prepared with H&E, MT,
SO dyes of group 1 (control group) samples were
observed, and we observed that joint surface
irregularity was severe in focal areas for three
samples, and mild to moderate in the other seven
samples. Cartilage erosion, chondrocyte necrosis,
cartilage cracking, synovitis and synovial hyper-
plasia were observed in mild/moderate levels in
many samples. Chondrocyte clustering, reactive
fibrocartilagenous hyperplasia and chondramala-
cia findings were evaluated to be mild in the
samples (Figure 1).

When the group 2 (tCS) samples were com-
pared with the control group; Joint surface irreg-
ularities, erosion of cartilaginous tissue, chon-
drocyte necrosis and cracking in cartilage tissue
were observed to be severe across the sections.
(Figure 2). Chondrocyte aggregation and synovi-
al hyperplasia were moderate in this group where
chondromalacia was observed, reactive fibrocar-
tilagenous hyperplasia and synovitis were found
to be mild to moderate. When histopathological
findings were compared with the control group,
it was observed that the injury findings were evi-
dent despite the insufficient repair response in the
cartilage tissue and joint surface.
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Figure 1. Joint surface irregularity 1a, 1b, 1¢, 1f. Cracking in cartilage tissue, synovial hyperplasia 1b, le. Chondrocyte
necrosis, cartilage erosion le, 1f. H&E (1a, 1b, 1¢,) SO (1d, 1e, 1f) (10x).

When tissue sections belonging to group 3
(mECS) were compared with the control group
and the other two groups, it was observed that
all samples belonging to this group were in bet-
ter condition in all parameters included in the

evaluation. In addition, inflammatory and repair
findings were evaluated to be mild (Figure 3).
According to nine criteria, more severe chon-
dromalacia, joint surface irregularity, cartilage
erosion, chondrocyte necrosis and synovial hy-

Figure 2. Cracking in cartilage tissue, Joint surface irregularity, chondrocyte necrosis 2a, 2b. Cartilage erosion, 2c, 2e.
Chondrocyte cluster, synovitis 2¢, 2f. H&E (2a, 2b, 2¢, 2f,) SO (2d, 2e) (10x).
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Figure 3. Articular surface irregularity 3a, 3d. Synovial hyperplasia 3b. Cartilage erosion, chondrocyte necrosis 3c.
Chondrocyte cluster 3e. H&E (3a, 3b, 3¢), SO (3d, 3e), MT (3f) (10x).

perplasia were observed in group 4 (mPCS) sec-
tions compared to the other two groups and the
control group. Chondrocyte clustering and cracks
in cartilage tissue were milder when compared to
group two but were at a negative level compared
to the control group (Figure 4).

In the general histopathological evaluation of
the groups in which H&E, MT and SO stains
were applied, cartilage damage, tissue damage
and repair findings were found to be similar in the
control group and group 2 samples. When group
4 was compared with the control group, group 2

Figure 4. Joint surface irregularity, cartilage cracking 4a, 4d. Chondrocyte necrosis 4b, 4e. Chondromalacia 4c, 4f. H&E (4a,
4b, 4c¢). SO (4d, 4e), MT (4f) (10x).
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Table I. Mean and Standard Deviation Analysis Table.

Mean = standard deviation
Variables Group 1 Group 2 Group 3 Group 4 P
Joint Surface Irregularity 1.87+0.99 2.62+1.06 1.25+0.46 2.37+£0.51 0.010
Cartilage Erosion 2.12+1.35 2.62 +1.06 1.62 £0.51 2.12+0.64 0.038
Chondrocyte Necrosis 1.62 +0.91 1.37 + 1.06 1.00 + 0.53 2.50 +0.75 0.015
Controcyte Clustering 1.00 + 1.00 1.28 £0.95 1.00 +£0.53 1.75+0.88 0.251
Cracking in Cartilage Tissue 1.71 £ 1.11 2.12£0.99 1.00 +0.53 1.75+0.88 0.069
Chondromalacia 0.14 +0.37 0.57 £0.53 0.00 £+ 0.00 1.50 + 1.60 0.041
Reactive Fibrocartilaginous Hyperplasia 0.85+ 1.06 1.00 +0.92 0.50 +0.53 1.37 £ 1.06 0.349
Synovitis 1.75+1.03 1.37+£0.74 1.25+0.46 1.25+0.46 | 0.490
Synovial Hyperplasia 1.37£0.91 1.62 £0.74 1.37 £0.51 2.37 £0.51 0.027
Total 11.71 £ 4.11 14.14 £ 4.67 9.00 = 1.77 170 +4.44 | 0.006

and group 3, it was evaluated that there was se-
vere tissue damage in all parameters. Group 3, in
which microbial CS from E. coli was applied, was
the group in which more improvement findings
were observed in all parameters compared to the
three groups, especially in the control group. It
was found that group 3 was statistically signifi-
cantly different from the other groups (group 1,
2, 4).

Biostatistical and General Evaluation of
Histopathological Analysis

The changes in the structure of the joint car-
tilage and the findings that form the basis of the
evaluation were examined in nine separate cat-
egories. The findings were as follows: joint sur-
face irregularity, cartilage erosion (ulceration),
chondrocyte necrosis, chorocyte clustering, car-
tilage tissue cracking, chondromalacia, reactive
fibrocartilaginous hyperplasia, synovitis and sy-
novial hyperplasia. Analysis of these parameters
was made semi-quantitatively divided into four
grades. According to this, it was scored as grade
0 (mo change/mormal), grade 1 (mild), grade 2
(moderate), grade 3 (severe degeneration/change)
(Table I).

There is a statistically significant difference
between the groups in terms of joint surface
irregularity, cartilage erosion, chondrocyte ne-
crosis, chondromalacia, synovial hyperplasia and
total variables (Table II).

The graphical presentation of the statistically
significant differences between the groups in
terms of joint surface irregularity, erosion of
cartilage, chondrocyte necrosis, chondromala-
cia, synovial hyperplasia is as follows (Figures
5-12).

Discussion

Traumas affecting the joint can cause chondral
damage. Chondral damage initiates the degener-
ative process in the joint that results in osteoar-
thritis"*-*. Today, many conservative and surgical
methods are applied to prevent the osteoarthri-
tis process or to treat the formed osteoarthritic
joint''®, Recently, disease modifying agents have
been emphasized for the most ideal procedure. In
recent years, there are studies investigating the
effectiveness of the intraarticular application of
CS in the literature*'”"’. There are few studies

Table Il. Table II. Kruskal-Wallis Variance Analysis and Conover Paired Comparison Test.

Double Joint surface Cartilage Chondrocyte Chondro- Synovial

groups irregularity erosion necrosis malacia Hyperplasia Total
Group 1-Group 2 0.100 0.298 0.471 0.107 0.530 0.32
Group 1-Group 3 0.181 0.138 0.098 0.285 0.906 0.122
Group 1-Group 4 0.264 0.463 0.052 0.094 0.028 0.018
Group 2-Group 3 0.007 0.007 0.565 0.016 0.511 0.014
Group 2-Group 4 0.097 0.045 0.037 0.455 0.040 0.149
Group 3-Group 4 0.002 0.113 0.003 0.025 0.005 <0.001
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Figure 5. Cartilage erosion of group 4.

4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

il

100 m200 =3.00 =4,00

Figure 6. Joint surface irregularity of group 4.
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Figure 7. Condrocyte necrosis of group 4.
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Figure 8. Condrocyte cluster of group 4.
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Figure 9. Cartilage tissue cracking of group 4.

in the literature comparing the oral effects of
CS. In our study, it was found that microbial CS
had more positive effects in the experimental
osteoarthritis model in rabbits in terms of chon-
droprotective histopathologically compared to the
control group and commercially produced animal
origin CS.

Positive results were obtained in every param-
eter in the histopathological evaluation of £ co-
li-derived MCS. In addition, it has been conclud-
ed that E coli-derived MCS is highly effective in
healing cartilage deformity in the osteoarthritis
model created by an experimental animal study.
In the healing parameters, the expected effect
was limited in our PAJC-derived product, which
was created by obtaining the same MA value
but from different bacteria (Pseudomonas aeru-
ginosa pAJC strain) and which we encoded as
pCS throughout the experiments. This requires
further investigation into bacterial pathogenicity
or the portability of bacterial characteristics as a
marker in carbohydrate units. In this sense, it is
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Figure 10. Reactive fibrocartilaginous hyperplasia of group 4.
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Figure 11. Synovitis of group 4.

predicted that it will have a significant quality in
the literature as an important preliminary data.

In joint traumas, all intra-articular and ex-
tra-articular structures are affected*®?. Injury
to intra-articular structures, especially cartilage
tissue, initiates a pathological process in the
joint and causes a painful dysfunctional joint.
Cartilage diseases are an important socioeco-
nomic problem that causes job loss and nega-
tively affects patient comfort worldwide***. In
patients with osteoarthritis, chondroprotective
agents, such as HA, glycosaminoglycan and CS
are used in addition to surgical approaches, such
as arthroscopic debridement and arthroplasty**%.
The main purpose of all methods is to prevent
the progression of cartilage tissue to post-oper-
ative degenerative arthritis. In addition, creating
hyaline-like regeneration in damaged cartilage
areas to save the joint from arthrosis is one of the
aims of the treatments?®?°. For this reason, there
has been an increase in the number of studies
on molecules that have or are thought to have a
positive effect on cartilage tissue repair exposed
to trauma’’?.
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In two separate studies in the literature inves-
tigating the effectiveness of CS in knee osteo-
arthritis, 800 mg/day* or 1200 mg/day** doses
of CS were reported to be effective and safe on
symptoms. A significant reduction in joint swell-
ing and effusion was also reported in these stud-
ies. The dose we used in our study is 17 mg/kg/
day. The observation of chondroprotective effect
at this level without the need for higher doses can
be accepted as evidence that the produced MCS
can be effective even at lower doses than its ani-
mal counterparts with low MA value.

We think that this study will lead to the cre-
ation of new cartilage repair preparations. We
expect these new products to contribute effective-
ly to the prevention and repair of joint cartilage
damage. In this way, we aim to avoid early sur-
gical procedures and to apply more conservative
methods.

Conclusions

In our study, it was found that MCS had posi-
tive chondroprotective effects in the experimental
osteoarthritis model in rabbits compared to the
control group and animal CS. The beneficial
effects of CS described above are likely due to
chondroprotective properties associated with re-
ducing chondrocyte apoptosis, decreased synthe-
sis or activity of ECM metalloproteases, and en-
hancing the synthesis of articular cartilage PGs.

However, mCS is an important alternative for
the treatment of OA because it is more reliable,
the vegan version is purer, and provides a fast
action mechanism with its low MA (269 daltons).

In our future research, we will focus on deter-
mining the appropriate dose of MCS. According
to the results of this research, it seems possible to
use mCS effectively in the treatment of osteoar-
thritis as a vegan agent obtained by biotechnolog-
ical methods.
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