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Abstact

BACKGROUND: In recent years, researchers discovered that menstrual blood-derived stem cells (MenSCs) have the
potential to differentiate into a wide range of tissues including the chondrogenic lineage. In this study, we aimed to
investigate the effect of MenSCs encapsulated in fibrin glue (FG) on healing of osteochondral defect in rabbit model.
METHODS: We examined the effectiveness of MenSCs encapsulated in FG in comparison with FG alone in the repair of
osteochondral defect (OCD) lesions of rabbit knees after 12 and 24 weeks.

RESULTS: Macroscopical evaluation revealed that the effectiveness of MenSCs incorporation with FG is much higher
than FG alone in repair of OCD defects. Indeed, histopathological evaluation of FG 4+ MenSCs group at 12 weeks post-
transplantation demonstrated that defects were filled with hyaline cartilage-like tissue with proper integration, high content
of glycosaminoglycan and the existence of collagen fibers especially collagen type II, as well as by passing time (24 weeks
post-transplantation), the most regenerated tissue in FG + MenSCs group was similar to hyaline cartilage with relatively
good infill and integration. As the same with the result of 12 weeks post-implantation, the total point of microscopical
examination in FG 4 MenSCs group was higher than other experimental groups, however, no significant difference was
detected between groups at 24 weeks (p > 0.05).

CONCLUSION: In summary, MenSCs as unique stem cell population, is suitable for in vivo repair of OCD defects and
promising for the future clinical application.

Keywords Menstrual blood stem cells - Fibrin glue - Osteochondral defect - Rabbit knee

1 Introduction

Articular cartilage has limited capacity to self-repair

caused by joint injury, ageing, and developmental disorders
Manijeh Khanmohammadi and Hannaneh Golshahi are co-first as a result of the tissue avascularity along with the low
authors. mitotic activity of the chondrocytes [1-4]. The poor
regenerative properties of this tissue have remained one of
the most challenging for orthopedic studies. To date, the
field of cartilage tissue engineering has ushered in new
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subject of cartilage repair using chondrocyte-based therapy
[6-8]. However, this technique still has some limitations.
For example, the dedifferentiation of patients’ chondro-
cytes during in vitro culture, and decreased human chon-
drocyte number or cellularity with aging may impair and/or
even result in the repair failure [2]. On the other hand, other
chondrocyte sources such as allogeneic or xenogeneic
chondrocytes can potentially induce immune responses and
transmit diseases [2]. Therefore, there is much effort to
explore better alternative cell sources such as stem cells
that could be used effectively to overcome the limitations
of the native chondrocytes.

In recent studies, menstrual blood has been identified as
an easily accessible, replenishable, and renewable source
of stem cells with properties similar to mesenchymal stem
cells [9-14]. Other characteristics such as the high prolif-
eration rate, immunomodulatory activity, no legal consid-
erations associated with their collection, lack of ethical
concerns and restrictions, the appropriated capacity of
in vitro expansion and self-renewal in culture, absence of
teratogenic potency, lack of karyotypic abnormalities,
broad differentiation potential, and high tolerating cryop-
reservation have made menstrual blood stem cells
(MenSCs) as an appropriate stem cell resource for tissue
engineering and regenerative medicine [9-13, 15].

With the aim of tissue engineering and regenerative
medicine using MenSCs, different lineages like osteoblast
[9], adipocyte [16], hepatocyte [10, 17, 18], cardiomyocyte
[19-21], neural lineage [22, 23] from these cells have been
established. Moreover, differentiation potential of MenSCs
into chondrogenic lineage is reported by a few studies.
Patel et al. showed chondrogenic differentiation of
MenSCs by demonstration of sulfated proteoglycans
development using alcian blue staining [13]. Furthermore,
we indicated that in vitro MenSCs differentiation in scaf-
fold enhances chondrogenic commitment compared to two-
dimensional (2D) culture system [11]. Despite differenti-
ation potential of MenSCs into the chondrogenic lineage,
there is no report about the effectiveness of MenSCs in the
repair of osteochondral defects in animal models and so,
for the first time, we studied the potency of MenSCs in
restoring of osteochondral defects in a rabbit model. For
better cell delivery, MenSCs were encapsulated in fibrin
glue (FG) as a carrier. Fibrin glue as a tissue-derived nat-
ural material, could be utilised to create new functional
structures for cartilage regeneration [24]. It is a suit-
able matrix for attachment, proliferation, and biosynthesis
of cartilaginous matrix components [25]. Moreover, FG has
a positive effect on differentiation ability of stem cells and
production of collagen II and proteoglycan depends on
stem cell type [26].

A few studies are reporting in vivo regeneration of
osteochondral defects using FG. Johnson et al. [27]
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demonstrated that articular, auricular, and costal chondro-
cytes in FG could produce the new cartilaginous matrix
similar to native cartilage in nude mice. Other studies
revealed that FG is a suitable polymer for the formation of
injectable tissue-engineered cartilage in the nude mouse
and rabbit for the regeneration of hyaline articular cartilage
[28, 29]. Based on this knowledge, we examined the
effectiveness of MenSCs encapsulated in FG in comparison
with FG alone in the repair of osteochondral defects of
rabbit knees. The success of these studies may have sig-
nificant clinical implication for patients in future.

2 Materials and methods

Figure 1 indicates a schematic diagram of methodology
road map. The detail protocols of each part are as
following.

2.1 Isolation and culture of MenSCs

Menstrual blood was collected from five healthy, non-
smoking, female volunteers with mean age 28 years
(25-45 years) using a Diva cup (Diva International Co.,
Lunette, Finland) during the first menstrual blood flow
initiated. All participants in the study were evaluated
underwent a standard medical history and physical exam-
ination. HIV, viral hepatitis, and papillomavirus positive
donors were excluded from this study. Also, all volunteers
in the study gave consent to use of the material for research
purposes and signed an informed consent form approved by
Medical Ethics Committee of Avicenna Research Institute
(IACUC no. IR.ACECR.Avicenna.REC.1395.14). The
contents of Diva cup were transferred into the collection
tube containing 2.5 pg/mL fungizone (Gibco, Scotland,
UK), 100 pg/mL streptomycin, 100 U/mL penicillin and
0.5 mM EDTA (all from Sigma-Aldrich, St. Louis, MO,
USA) in phosphate buffered saline (PBS) without Ca’" or
Mg*". The isolation and culture of stem cells from men-
strual blood was carried out according to our previous
procedure [9]. In brief, the mononuclear cells were sepa-
rated from menstrual blood under standard conditions in
ficoll gradient. The obtained cell pellet was cultivated in
complete Dulbecco’s Modified Eagle’s Medium-F12
(DMEM-F12) (Sigma-Aldrich, St. Louis, MO, USA) at
37 °C in a humidified 5% CO, incubator. Following a
couple of days of incubation, the non-adherent cells were
rinsed remaining the adherent cell population that was
raising as fibroblastic cells in colonies. Culture medium
was changed every 3—4 days to allow growing up adherent
cells with mesenchymal morphology. The cultured cells at
passages 2-4 were characterized and used for further
experiments.
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Fig. 1 The schematic diagram of MenSCs isolation, characterization, encapsulation in fibrin glue and transplantation to osteochondral defect

(OCD) in rabbit model

2.2 Preparation of fibrin glue containing MenSCs

Five mL of autologous blood was drawn from each rabbit
and was combined with 0.5 mL of anticoagulant acid
citrate solution (4%) (Merck KGaA, Darmstadt, Hesse,
Germany) to prevent coagulation. The blood was first
centrifuged at 200 g for 20 min at ambient temperature to
separate the plasma containing the platelets from the red
cells and buffy coat. In the next step, plasma containing the
platelets were transferred to new tubes and was centrifuged
again at 3000 g for 15 min at ambient temperature to
produce a precipitate containing fibrinogen and a super-
natant containing the thrombin. The precipitate is resus-
pended in a small volume of the supernatant and used as
the fibrinogen component. The fibrinogen component was
aliquoted to two tubes (500 pL in each tube). The first tube
that was considered as main sample (fibrin glue containing
MenSCs) was blended by 700 x 10° undifferentiated
MenSCs suspended in100 pL serum free-culture medium.
To another tube, 100 pL culture medium without stem cells
was added. After that, 50 pL of calcium gluconate
(100 mg/mL) and 20 pL of thrombin solution (500 TU/mL)
was added to each tube to convert residual fibrinogen to
dense fibrin network. Three minutes later, a flexible gel
was formed in both tubes. The fibrin glue was prepared
according to the described protocol previously with a
minor modification [30].

2.3 Animals

24 New Zealand rabbits (female, 6—8 months old, weight
ranging from 2 to 3.2 kg) were provided from Pasteur
Research Institute (Tehran, Iran) and housed under stan-
dard conditions (temperature: 21 4+ 1 °C; humidity:
55-60%) with food and water continuously available.

2.4 Surgical procedure and in vivo creation
of osteochondral defects and scaffold
implantation

The 24 rabbits were randomly assigned to two groups; 12
rabbits were considered as the treatment group, and 12
rabbits were assigned in control group. All animals
underwent right stifle arthrotomies under general anaes-
thesia induced by of intramuscular injection of ketamine
(35 mg/kg) and xylazine (5 mg/kg). Under sterile condi-
tion, a cylindrical osteochondral defect (3 x 4 mm) was
made in the central flattened region of the trochlear groove
of both stifles, 1 cm distal to the fused distal femoral
growth plate, using a pneumatic drill under saline irriga-
tion. In the treatment group, MenSCs encapsulated in fibrin
glue, and fibrin glue alone was implanted in osteochondral
lesions of right and left stifle respectively. In the control
group, untreated defect as a negative control was created in
left stifle. Enrofloxacin 5% (10 mg/kg) and Tramadol
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(2 mg/kg) were injected into each animal for 5 days after
surgery. In the postoperative period, the animals were
maintained in cages with standard postoperative care.
During this period, the motion of the knee was not
restricted, and full weight-bearing on the surgical joints
was allowed. All physical exams of the animals including
weighting gain or loss, nutritional status, physical activity,
and the possibility of infection or inflammation post
operationally were weekly registered in a designed table.

2.5 Gross morphological and histological
evaluations of treated osteochondral defects
samples

At 3 and 6 months after implantation, animals from each
group were clinically examined, and then the animals were
sacrificed, and knee joints were examined by gross obser-
vation and scored with Goebel method [31]. Then the tissue
samples were collected and fixed with 10% neutral buf-
fered formalin for 18 h at room temperature (RT) and then
decalcified with 10% ethylenediaminetetraacetic acid
(EDTA) (Merck KGaA, Darmstadt, Hesse, Germany) for
8 weeks and subsequently, were dehydrated, embedded in
paraffin and cut into consecutive 4-mm-thick sections in
the sagittal plane. These sections were routinely stained
with hematoxylin and eosin, alcian blue, and Masson’s
trichrome.

Additional sections were processed for type II collagen
immunohistochemical evaluation. For immunohistochemi-
cal staining, the paraffin sections firstly were deparaf-
finized, rehydrated and were washed in PBS before
immunostaining and then for antigen retrieval with enzy-
matic treatment, sections were incubated by 0.25% trypsin
for 30 min at RT and 2.5% hyaluronidase (Sigma Aldrich,
MO, USA) for 30 min at 37 °C. The slides were subse-
quently blocked with 20% sheep serum in 1% PBS-BSA
for 30 min at RT. Endogenous peroxidase activity was
blocked using 0.3% hydrogen peroxide. Samples were
incubated with the primary antibody against type II colla-
gen (Mouse monoclonal anti-collagen II; 1:100; Millipore:
Billerica, MA, USA), and osteocalcin (Mouse monoclonal
anti-octeocalcin (OC4-30) (ab13418); 1:100; Abcam,
Cambridge, MA, USA) for 60 min at RT and overnight
respectively. Then, the slides were incubated with peroxi-
dase-conjugated secondary antibodies (REAL™ EnVi-
sion™/HRP, Rabbit/Mouse Kit, Dako: Hamburg,
Germany) for 30 min at RT. Nuclei were counterstained
with hematoxylin. Finally, the slides were visualised using
an Olympus BX51 microscope and examined by a veteri-
nary anatomical pathologist and then graded using a his-
tologic scale of Mainil-Varlet et al. [32].
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2.6 Statistical analysis

Differences between multiple groups at the one-time point
and between two-time points in each group were statisti-
cally analysed using Mann—Whitney Nonparametric Test.
P value < 0.05 was considered statistically significant.
Statistics were performed using SPSS Software (IBM Corp,
version 22, Belmont, CA, USA).

3 Results
3.1 Macroscopical evaluation

Macroscopic evaluation of the grafted defects with FG at
3 months after transplantation showed that the most defects
were filled with a predominantly translucent, heteroge-
neous repaired tissue with relatively distinct borders. Some
surfaces were still concave. In one case, the cancellous
bone was exposed. Diffuse degenerative changes were
detected in all specimen in this group (Fig. 2). In FG +
MenSCs group, the defects in the most of the specimen
were completely filled with firm, smooth, opaque hyaline
cartilage-like tissue, which seemed relatively similar in
colour and texture to the surrounding native articular car-
tilage that was statically significant compared to the control
group (p < 0.05). The edges were properly integrated into
the surrounding intact cartilage. The presence of blood
vessels in repair tissue in both treated groups was lower
than the control group. However, a significant correlation
was only detected between FG + MenSCs and control
groups (p < 0.05) (Fig. 2). The defects in the control group
were mostly enclosed with fiber-like tissue and were
depressed compared to the intact native cartilage level. The
edges had no suitable integration, and relatively distinct
borders could be distinguished from the surrounding intact
articular cartilage. In addition, signs of osteoarthritis and
vascular changes were seen in adjacent articular cartilage
in control group (Fig. 2).

As indicated in Table 1, the total point of the FG +
MenSCs group was lower than other groups showed the
best healing and statistical analysis showed that there was a
significant relationship between FG 4+ MenSCs group and
the non-treated group at the 3 months (p < 0.05) (Table 1)
(Fig. 2).

At 6 months after implantation, the surface of the most
defects in FG group was covered with newly generated
tissues with semi-translucent appearance. The surface was
not as smooth as that of the normal articular cartilage.
Though the regenerated tissue appeared relatively inte-
grated with normal tissue, there was concavity in the centre
of some defect (Fig. 3). In FG + MenSCs group, the sur-
face of the most repaired defects exhibited glossy white
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Fig. 2 A-I Macroscopic appearance of the cartilage defect (dotted
circle) healing at 3 months in three selected samples from each group;
A, D, G (FG + MenSCs group), the defects were filled with hyaline
cartilage-like tissue. B, E, H (FG group), the defects were not filled

and tan, closely well-integrated regenerated tissue. The
amount of filling of the defect in FG + MenSCs group was
significantly better than those of the control group
(p < 0.05). The surface of repaired defects was remarkably
smooth with margins appropriately connected to the sur-
rounding native articular cartilage (Fig. 3). In the control
group, the defects were filled with smooth heterogeneous
tissue with some fissures on the surface and incompletely
integrated with the intact native cartilage (Fig. 3).

As the same with the result of 3 months, the total point
in FG + MenSCs group was lower than other experimental
groups, and significant correlation was detected between
FG + MenSCs and non-treated groups (p < 0.05) at the
6 months (Table 1).

As compared to two different time point, the total point
of FG 4+ MenSCs and defect groups after 6 months after
implantation was lower than those of the 3 months after
implantation, indicated better healing. Statistical analysis
showed that there was a significant relationship infilling of
the defect in FG + MenSCs group between 3 and 6 months
(p < 0.05) (Table 1).

FG Control

completely (B and E), and in (H), defect was filled with a
heterogeneous white repair tissue. C, F, I (control group), note to
the incomplete regenerative tissues that were depressed compared to
the surrounding native cartilage level

3.2 Microscopical evaluation

At 3 months post-implantation in FG group, the defects
were filled with fibrocartilage, fibrous and immature repair
tissues. In two case, subchondral destruction was detected.
The surface of the most cases was the uneven and lateral
integration of repair tissue to intact cartilaginous tissues
was partially on both sides. Basal integration was relatively
appropriate or not. The alcian blue staining exhibited no
noticeable intensity. A complete tidemark was not detected
in all cases in this group and its formation was relatively
(Fig. 4). Masson’s trichrome staining showed that collagen
fibers were produced in the extracellular matrices (Fig. 5).
In addition, the amount of the collagen type II was less than
native hyaline cartilage (Fig. 6).

In the most cases of the FG + MenSCs group, defects
were filled with hyaline cartilage-like tissue. The cellular
morphology also displayed well-differentiated chondro-
cyte-like cells within lacunae and in some cases; the
appropriate columnar pattern was seen like intact cartilage.
The lateral integration was comparatively better than that
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Table 1 Scores according to macroscopic scoring system

Total points

Degeneration of adjacent
articular cartilage

Filling of the defect

Surface of the repair

tissue

Presence of blood vessels in the

repair tissue

Color of the repair

tissue

Parameters

6 mo

6 mo 3 mo

3 mo

6 mo

6mo 3 mo 6 mo 3 mo

3 mo

6 mo

3 mo

Time groups

4 (1-8)f

2 (0-2) 45 (1-8)F

1(0-2) 1(0-1) 0@©D™* 102

1 (0-3)

0 (0-1)
1.5 (1-4)

1(0-2) 0@©0-2)7

1 (0-2)F
1.5 (1-4)

MenSCs-seeded FG

FG

6.5 (4-14) 9 (6-16)

2 (2-3)
1.5 (1-2)

2 (1-3) 1(0-3) 1(0-3) 2 (2-2)

1(1-3)

0 (0-2)

2 (2-4)
2 (2-2)

10 (7-11) 8 (8-8)

2 (0-2)

1(1-2) 2.5(2-3)

1 (1-1)

3 (1-3)

1 (1-1)

2 (2-3) 2(1-3)

Control

"MenSCs-seeded FG vs. control, p value < 0.05

*6 mo vs. 3 mo, p value < 0.05

of in the FG group. Alcian blue staining revealed a high
content of glycosaminoglycan of the ECM in the most
cases, which was slightly similar to normal cartilage tissue.
Basal integration was perfect or relatively. The architecture
of the surface and the amount of glycosaminoglycan was
significantly better in the FG + MenSCs group compared
to the FG group (p < 0.05) (Fig. 4). The Masson’s tri-
chrome staining also proved the existence of collagen
fibers especially collagen type II in repair tissues in this
group like normal hyaline cartilage (Figs. 5, 6).

The defects in the untreated group showed spontaneous
healing and were mainly covered by fibrous tissue. Fibrous
tissues were hypertrophic, and collagen fibers were wrin-
kled. The lateral integration of repair tissue to intact native
cartilaginous tissues was somewhat at both sides (Fig. 4).

Overall, as indicated in Table 2, the total point of
microscopic examination in FG + MenSCs group was
higher than other experimental groups. However, no sig-
nificant relationship was detected between groups at the
3 months (Table 2).

At 6 months post-implantation, in FG group, the type of
repair tissues were fibrocartilage and/or fibrous tissue that
was similar to the condition at 3 months post-implantation.
The intensity of alcian blue staining was faint. The orga-
nization of chondrocyte-like cells involved some clusters
of chondrocytes with irregular cellular orientation. The
surfaces were not smooth completely. Peripheral and basal
integration of repair tissue was moderately (Fig. 7). The
Masson’s trichrome staining showed the presence of col-
lagen fibers in repair zone (Fig. 5). However, the amount of
the collagen type II was less than intact hyaline cartilage
(Fig. 6).

The most regenerated tissue in FG + MenSCs group
was similar to hyaline cartilage with relatively good infill
and integration. In the superficial portion, elongated to oval
cells were organised parallel to the surface and in the deep
zone; spherical cells were prepared in a columnar form
comparable to native articular cartilage. The amount of
cellularity decreased compared to 12 weeks repair, how-
ever, was still higher than that of intact adjacent cartilage.
Mild fibrillation of the surface was apparent yet. In the
cases with hyaline-like repair tissue, the intensity of the
alcian blue staining was near to normal or slightly reduced
compared with that of the adjacent native hyaline cartilage.
The thickness of the repair cartilage was almost nearly that
of the normal cartilage. Tidemark formation was perfect or
relatively. No inflammation was noted in cases of this
group. The amount of glycosaminoglycan, structural
integrity, and filling of the defect in FG 4+ MenSCs group
was better than those in the untreated group (p < 0.05)
(Fig. 7). The repair tissue filled the defect displayed a
homogenously positive Masson’s trichrome staining
(Fig. 5) and collagen fibers especially collagen type II was
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Fig. 3 A-I Macroscopic appearance of the cartilage defect (dotted
circle) healing at 3 months in three selected samples from each group;
A, D, G (FG + MenSCs group), the defects exhibited well-
integrated, glossy, white to tan new regenerated tissue. B, E, H (FG

strongly positive in these samples like normal hyaline
cartilage (Fig. 6).

In control group, the defects showed spontaneous heal-
ing and mainly filled by irregular fibrous tissue. In addition,
there were some fibrocartilaginous structures in the
periphery. In some cases, the integration of subchondral
bone was lost, and infiltrations of fibrous and granular scar
tissue with vascular invasion in these areas were detected.
The repair surfaces were not smooth perfectly, but
peripheral repair tissue to native cartilaginous tissues was
suitable (Fig. 7).

As the same with the result 3 months after implantation,
the total point of microscopical examination in FG +
MenSCs group was higher than other experimental groups
indicated better healing, however, no significant correlation
was detected between groups at the 6 months (p > 0.05)
(Table 2).

As compared to two different time points, the total point
of all groups after 6 months after implantation was higher
than those of the 3 months after implantation, indicated
better healing. Statistical analysis showed that there was a
significant  relationship in the amount of

Control

group), note to incomplete regenerative tissues that could be
distinguished from the adjacent normal articular cartilage. C, F,
I (control group), the defects were filled with heterogeneous tissue
and were depressed below the host native cartilage

glycosaminoglycan, structural integrity, chondrocyte clus-
tering, and filling of the defect in the control group.
However, no significant correlation was detected in other
groups between 3 and 6 months (p > 0.05) (Table 2).

The evaluation of osteocalcin expression as a marker of
chondrocyte hypertrophy [33], demonstrated no expression
of this marker by the chondrocytes in neither of the
experimented groups (Fig. 8).

4 Discussion

Nowadays, the scientists have been fascinated to MenSCs
due to their exceptional advantages over other stem cells.
High accessibility and availability, proliferative and self-
renewal capacities, low immunogenicity and inflammatory
reaction, and transdifferentiation potential, make MenSCs
as a promising candidate for tissue engineering goals
[9-13, 15, 16].

Recently, we demonstrated that MenSCs express mes-
enchymal markers like CD73, CD105 and also OCT-4 as
embryonic marker. Moreover, these cells have the potential
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MenSCs-seeded FG FG Control
H&E Alcian Blue H&E Alcian Blue H&E Alcian Blue
no.1
no.2
no.3

Lt

Fig. 4 Microscopic appearance of the repaired cartilage defects at
3 months in three selected samples from each group (H and E and
Alcian blue staining); (no.l1 A, no.2 A, no.3 A): (FG 4+ MenSCs
group), the defects were filled with hyaline cartilage-like tissue. (no.1
G, no.2 G, no.3 G): higher magnification of previous slides, note to
well-differentiated chondrocyte-like cells within lacunae with iso-
genic and/or columnar pattern. (no.l1 B, no.2 B, no.3 B): intense
staining of alcian blue staining in FG + MenSCs group indicted
noticeable amount of proteoglycans. (no.1 H, no.2 H, no.3 H), higher
magnification of previous slides. (no.l1 C, no.2 C, no.3 C): (FG
group), the defects were mostly filled with fibrocartilage and fibrous
repair tissues. (no.1 I, no.2 I, no.3 I): higher magnification of previous

to differentiate into the chondrogenic lineage (as shown in
Fig. 1). Chondrogenic differentiation ability of MenSCs
was comparable to bone marrow stem cells (BMSCs) such
differentiated MenSCs showed accumulation of proteo-
glycans and strong expression of collagen type II in a
similar pattern with BMSCs [9, 11]. These data guided us
to evaluate the efficiency of MenSCs in the repair of car-
tilage lesions and osteochondral defects in animal models
such there is no in vivo study till now.

Based on the findings of the present study, transplanta-
tion of MenSCs could repair the OCD defects created in the
rabbit knee with no sign of immuno rejection. Moreover,
MenSCs encapsulated in FG was more effective in defect
repair compared to FG alone. The repair potential of FG in
osteochondral defects and cartilage regeneration was
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slides, note to fibrocartilaginous tissue with disorganized chondro-
cyte. (no.1 D, no.2 D, no.3 D): The alcian blue staining exhibited
variable intensity in FG group. (no.l1 J, no.2 J, no.3 J): higher
magnification of previous slides. (no.l1 E, no.2 E, no.3 E): (control
group), the defect was mainly filled with fibrocartilaginous repair
tissue with infiltration to subchondral bone portion (no.1 E). In (no.2
E, no.3 E), the defects showed spontaneous healing and were mainly
covered by an immature fibrous tissue. (no.l K, no.2 K, no.3 K):
higher magnification of previous slides. (no.1 F, no.2 F, no.3 F): the
extra cellular matrixes of cases belonged to the control group showed
slight to moderate intensity of alcian blue staining. (no.1 L, no.2 L,
no.3 L): higher magnification of previous slides

shown in several animal studies and even human trials
[34-36], while there are some controversies in findings.
Some studies reported that the using of FG alone or in
combination with some growth factors could not promote
OCD repair [36-38]. Homminga et al. [39]) showed that
FG is a suitable matrix for attachment, proliferation, and
biosynthesis of cartilaginous matrix components. Another
study reported that composite of collagen and FG could
support chondrocyte survival and synthetic activity in static
cultures [26]. Eyrich et al. [28] indicated that bovine
chondrocytes suspended in the fibrin gels proliferated well
and produced a coherent cartilaginous extracellular matrix
throughout the whole construct. Furthermore, the clinical
use of platelet-rich fibrin glue with human autologous
BMSCs in the treatment of articular cartilage defects in 5
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A

Fig. 5 Masson’s trichrome staining of the repaired cartilage defects.
Samples have been stained by Masson’s trichrome at 3 and 6 months
post-implantation in each group and shown in low and high
magnification. Mo: month. A, D, G, J (FG + MenSCs group), note
to the noticeable deposition of collagen fibers in defect area indicated

patients indicated complete defect filling with complete
congruity of the repaired articular surface in 3 patients at
12 months postoperatively whereas that of 2 patients
showed incomplete congruity [34].

In the present study, application of FG alone resulted in
better repair in gross evaluation compared to the no treated
group at 12 week postoperatively, although the differences
between groups were not significant. Six months post-im-
plantation, the total score according to macroscopically
healing criteria in FG group were higher than control group
indicated weaker repair, however, no significant difference
was detected. Also, as compared to two different time
points, the total point of gross examination of FG group
after 6 months post-implantation was higher than those of
3 months and revealed time-dependent degenerative
changes, although, there were no significant relationships.
In microscopical examination, there was also no significant

by Masson’s trichrome staining. B, E, H, K (FG group), note to slight
to moderate intensity of Masson’s trichrome staining. C, F, I,
L (control group), note to lower intensity of Masson’s trichrome
staining compared to normal hyaline cartilage

relationship between FG and control groups according to
the total score.

While there are some reports showing that subchondral
bone exposion stimulates intristic MSC migration to defect
area [40], in the present study, no significant spontaneous
healing in control group was achieved in both time points.

Here, for the first time, we demonstrated that encapsu-
lated MenSCs in FG could promote restoration of OCD
compared to FG alone in a rabbit model by clinical and
histopathological examinations. The overall clinical
examination at 3 months after implantation showed that, in
FG + MenSCs group, the defects in the most of the
specimen were completely filled with hyaline cartilage-like
that was statically significant compared to the FG group.
The amount of glycosaminoglycan was significantly better
in the FG 4+ MenSCs group compared to the FG group.
The Masson’s trichrome and IHC staining also proved the
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MenSCs-seeded FG __ FG

3 mo

6 mo

Fig. 6 Immunostaining for collagen type II. Samples were stained at
three and 6 months post-implantation in each group and shown in low
and high magnification. Mo: month, A, D, G, J (FG + MenSCs
group), note to noticeable expression of collagen type II indicated by
brown color. B, E, H, K (FG group), the intensity of collagen type II

Table 2 Scores according to the modified histological grading scale

Control

expression was slight to moderate. C, F, I, L (control group), note to
that the collagen II accumulation was less than compared to the native
hyaline cartilage tissue. M, O PC, positive control (native hyaline
cartilage). N, P NC, negative control

Category Tissue morphology Matrix staining Structural integrity Chondrocyte Formation of Architecture of
clustering tidemark the surface
Time 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo
groups
MenSCs- 3 (1-3) 3(1-3) 3(1-3)" 2(1-3)" 3014 304" 102 2(1-2 204 304 201" 201-3)
seeded
FG
FG 2(1-2)  1(0-2) 1(0-2) 1(0-2) 2(2-3) 2@1-2) 2@0-2) 2@1-2) 303 102 10-2) 21-2)
Control 2(2-2) 1501-2) 2@2-2) 1{-D* 25@-3) 150-2* 1(01-1) 2@22* 1(1-1) 15(01-2) 2(1-3) 1(1-1)
Category Filling of the defect  Lateral integration  Basal integration Inflammation Total points
Time groups 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo 3 mo 6 mo
MenSCs-seeded FG 4 (1-4) 4024 1(01-2 10-2) 25(0-3) 2(1-3) 444 444 24 (14-32) 265
FG 4(1-4) 2523 10-2) 1(1-2) 2 (0-3) 2(1-3) 404 444 175@14-23) 20 (11-23)
Control 3 (3-3) 222 1(1-1) 1(1-1) 150-2) 1501-2) 444 444 17 (15-19) 20 (18-22)

"MenSCs-seeded FG vs. FG, p value < 0.05
fMenSCs-seeded FG vs. control, p value < 0.05

*6 mo vs. 3 mo, p value < 0.05

existence of collagen fibers especially collagen type II in
repair tissues in this group like normal hyaline cartilage.
At 6 months after implantation, in FG 4+ MenSCs
group, there was a well-integrated regenerated tissue. The
amount of filling, glycosaminoglycan and structural

@ Springer

integrity of a defect in FG 4+ MenSCs group was similar to
hyaline cartilage with relatively good infill and integration
and significantly better than those of the control group. The
repair tissue filled the defect displayed a homogenously
positive Masson’s trichrome staining and collagen fibers
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MenSCs-seeded FG

Alcian Blue

no.1

no.2

Fig. 7 Microscopic appearance of the repaired cartilage defects at
6 months in three selected samples from each group (H and E and
Alcian blue staining); (no.1 A, no.2 A, no.3 A): (FG + MenSCs
group), the defects were relatively filled with a homogeneous hyaline-
like cartilage tissue. (no.1 G, no.2 G, no.3 G): higher magnification of
previous slides. (no.l B, no.2 B, no.3 B): note to high content of
glycosaminoglycan of the ECM in FG + MenSCs group demon-
strated by alcian blue staining. (no.1 H, no.2 H, no.3 H), higher
magnification of previous slides. (no.1 C, no.2 C, no.3 C): (FG
group), the defects were mainly filled with fibrous and/or

especially collagen type II was strongly positive in these
samples like normal hyaline cartilage that was similar to
the condition at 3 months post-implantation.

Macroscopical and microscopical examination at three
and 6 months post-implantation showed the best healing in
the FG 4+ MenSCs group. In addition by microscopical
evaluation, the total point of all groups after 6 months post-
implantation indicated better healing than those of the
3 months after implantation. Statistical analysis showed
that there was a significant relationship infilling of the
defect in FG + MenSCs group between three and
6 months. Our results were consistent with other resreches
which suggested that the combination of FG with chon-
drocytes or stem cells could promote remodelling and
repair of OCD [34, 35, 38].

The more efficiency of MenSCs encapsulated in FG
compared to FG alone suggests that FG alone has no

FG Control

Alcian Blue Alcian Blue

fibrocartilaginous repair tissue. (no.l I, no.2 I, no.3 I): higher
magnification of previous slides. (no.1 D, no.2 D, no.3 D): The
amount proteoglycans were less than native hyaline cartilage in FG
group. (no.1J, no.2 J, no.3 J): higher magnification of previous slides.
(no.1 E, no.2, E, no.3 E): (control group), defects showed spontaneous
healing and mainly filled by a disorganized and irregular fibrous
tissue. (no.1 K, no.2 K, no.3 K): higher magnification of previous
slides. (no.1 F, no.2 F, no.3 F): The repair tissues belonged to control
group showed slight metachromatic staining. (no.1 L, no.2 L, no.3 L):
higher magnification of previous slides

enough innate ability to call endogenous chondrocytes and
stem cells and so exogenous stem cell administration is
required. Moreover, although proliferation and chondro-
genic differentiation of MenSCs appears to be controlled
by numerous cues in their microenvironment, it is sug-
gested that a cocktail of growth factors and cytokines
released by FG [30, 41, 42], or secreted via the paracrine
effect of MenSCs [43, 44] plays a role in MenSCs differ-
entiation into chondrocytes, calling home cells, mediate
their adhesion and proliferation and the secretion of
extracellular matrix (ECM). As a result, interaction among
cytokines and growth factors by FG and MenSCs sounds to
be main step forward for directing the chondrogenic dif-
ferentiation of these cells. Furthermore, FG as a carrier for
MenSCs, provide an appropriate topography and mechan-
ical properties for cell attachment, proliferation, and inte-
grate with host tissue and preserve cell survival
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MenSc- Seeded FG

Fig. 8 Immunostaining for osteocalcin. Samples were stained at
3 and 6 months post-implantation in each group and shown in low
and high magnification. Mo: month, A, D, G, J (FG + MenSCs

after implantation [45, 46]. It is suggested that the high
content of fibronectin in FG assists peripheral integration
of repaired tissue to the adjacent native cartilaginous tissue
[47].

To conclude, in the present study, we demonstrated that
encapsulated MenSCs with FG have suitable in vivo
regenerative capacity of osteochondral defects in a rabbit
model and could be suggested for future application in

@ Springer

Control

group), B, E, H, K (FG group), C, F, I, L (control group), no
expression of osteocalcin were seen in cartilaginous tissue of any
group

clinical trial studies. The success of these studies may have
significant clinical implications for patients in future.
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