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Abstract
Purpose  The aim of this study was to compare three procedures to exploit adipose-derived cells for the treatment of osteo-
arthritis (OA) in a preclinical model, to understand their therapeutic potential and identify the most suitable approach for 
the clinical application.
Methods  Biological samples from adipose tissue, processed by mechanical micro-fragmentation (MF), enzymatic digestion 
(SVF) or cell expansion (ADSCs), were first characterized in vitro and then used in vivo in a surgically induced OA rabbit 
model: Group 1—control group (untreated 12 knees/saline 12 knees), Group 2—MF (24 knees), Group 3—SVF (24 knees), 
Group 4—ADSCs (24 knees). Macroscopic, histological, histomorphometric, immunohistochemical and blood and synovial 
fluid analyses were evaluated at 2 and 4 months from the treatments.
Results  Samples obtained by the three procedures yielded 85–95% of viable cells. In vivo assessments showed no significant 
side effects or inflammatory responses after the injection. The macroscopic Hanashi score did not show significant differences 
among treated groups and controls. The histopathological evaluation of synovial tissues showed lower signs of synovitis for 
MF, although the semiquantitative analysis (Krenn score) did not reach statistical significance. Instead, MF showed the best 
results both in terms of qualitative and semi-quantitative evaluations of articular cartilage, with a more uniform staining, a 
smoother surface and a significantly better Laverty score (p = 0.004).
Conclusion  MF, SVF, and expanded ADSCs did not elicit significant local or systemic adverse reactions in this preclinical 
OA model. Among the different methods used to exploit the adipose tissue potential, MF showed the most promising findings 
in particular in terms of protection of the articular surface from the joint degenerative OA processes.
Level of evidence  Preclinical animal study.

Keywords  Osteoarthritis · Adipose-derived stromal cells · Micro-fragmentation · Enzymatic digestion · Adipose tissue · 
Knee

Introduction

Osteoarthritis (OA) is a degenerative joint disease, charac-
terized by progressive wear of the articular cartilage, sub-
chondral bone changes, and synovial inflammation [22]. 
Innovative regenerative therapies aim at managing OA 
symptoms to delay more invasive surgeries, and at modify-
ing the course of OA disease itself [14]. Among these, cell-
based strategies are emerging, and mesenchymal stromal 
cells (MSCs) seem to hold promise [12, 15].

Adipose-derived mesenchymal stromal cells (ADSCs) are 
currently being investigated for OA treatment due to their 
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abundance and the ease of harvest and culture [35]. Pre-
liminary studies showed promising findings with the use 
of in vitro expanded ADSCs, with improvement in knee 
pain and function, and some evidence of increased cartilage 
thickness [30]. However, prolonged cultivation is associ-
ated with an increased risk of cell transformation, with a 
decline in multipotency or alterations of genes involved in 
apoptosis and senescence [9, 16]. Moreover, this approach 
requires a two-step surgical procedure and the need for a 
Good Manufacturing Practice (GMP) cleanroom. Alterna-
tive approaches, such as enzymatic digested stromal vascu-
lar fraction (SVF) or mechanically micro-fragmented (MF) 
tissue have been developed to minimize cell manipulation 
[42], but they produce a heterogeneous cell population [24, 
27, 33]. These different preparation procedures may entail 
specific regulatory requirements, which could affect the 
accessibility to this biological treatment approach for OA 
patients, and lead to different products in terms of biologi-
cal composition and, probably, different clinical effects. As 
efforts to develop adipose-based treatment strategies are 
growing rapidly (103 trials registered in clinicalTrials.gov 
[7]), defining the most suitable approach is of utmost clinical 
relevance, as it could help focusing further clinical research 
in humans on the most effective procedure to address OA.

The aim of this experimental animal model study was 
to compare micro-fragmentation, enzymatic digestion, and 
ADSCs expansion to evaluate which biological approach is 
the most suitable as injective treatment for counteracting 
knee OA. The hypothesis of this study was that the different 
procedures used for obtaining adipose-derived cells could 
influence cell regenerative/reparative potential and conse-
quently joint tissues degeneration in the OA rabbit model.

Materials and methods

Experimental design

This in  vivo study was performed complying with the 
European and Italian Law on animal experiments, after the 
approvals of the research protocol by the Ethical Committee 

and Animal Welfare Body of IRCCS Istituto Ortopedico 
Rizzoli and by the Italian Ministry of Health (authorization 
No. 862/2015-PR) in agreement with Italian (Legislative 
Decree 26/2014) and EU regulations. Directive 2010/63/EU 
on the protection of animals used for scientific purposes. 
This study was funded by the Italian Ministry of Health 
within the Project RF-2011–02352638.

Skeletally mature male New Zealand rabbits (Harlan Lab-
oratories SRL, S. Pietro al Natisone, Udine) were housed in 
standard and controlled conditions.

Bilateral transection of the anterior cruciate ligament 
(ACL) [11, 29] was performed under general anesthesia to 
induce OA. Two months later, each knee received a single 
intra- articular (i.a.) injection according to treatment allo-
cation: Group 1—control group (untreated 12 knees/saline 
12 knees), Group 2—MF adipose tissue (24 knees), Group 
3—SVF (24 knees), Group 4—expanded ADSCs (24 knees) 
(Table 1). Rabbits from all groups were euthanized at the 
scheduled experimental times of 2 and 4 months after treat-
ment, to identify any possible differences in term of early 
and late effects of the treatment.

Adipose tissue harvesting and processing (details 
into Suppl. Materials section)

Autologous adipose tissue was harvested from the inguinal 
fat pad of each rabbit and processed to obtain MF, SVF, and 
expanded ADSCs for i.a. injections.

MF preparation

Due to the fibrotic nature of the rabbit tissue, adipose tissue 
was immediately minced under sterile conditions, to obtain 
proper consistency for the device processing. Then, the 
LIPOGEMS® system (Lipogems International, Milan, Italy) 
was used as a standard procedure. The final product was then 
collected into a syringe connected to the upper opening of 
the device. A volume of 300 µl of MF was injected into the 
OA knee joint.

Table 1   Experimental design: n indicates the number of rabbits used for the study

Group Experimental times Total rabbits
(n)

2 months 4 months

1 Control (n = 6) Control (n = 6) 12
1a—Untreated
6 right knees

1b—0.9% NaCl
6 left knees

1a—Untreated
6 right knees

1b—0.9% NaCl
6 left knees

2 MF (n = 6) MF (n = 6) 12
3 SVF (n = 6) SVF (n = 6) 12
4 Expanded ADSCs (n = 6) Expanded ADSCs (n = 6) 12
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SVF isolation

A cut-off of 10 cc of adipose tissue was established to stand-
ardize the samples for the SVF and lower biological sam-
ples variability. SVF, consisting of immune cells, endothelial 
cells (blood vessel lining), progenitors (undifferentiated or 
immature precursor cells) and stromal cells, was obtained 
following an enzymatic procedure, and centrifugation [2]. 
SVF was then washed and re-suspended with 300 µl of saline 
solution for the i.a. injection in the OA knee joint.

ADSCs expansion

10 ml adipose tissue was harvested 2 weeks before the i.a. 
injection for the in vitro cell expansion. Similarly to SVF, 
ADSCs were obtained with an enzymatic treatment and then 
culture-expanded for two weeks. A total of 2 × 106 (cell den-
sity: 6.6 × 106 cells/ml) expanded ADSCs in 300 μl saline 
solution was prepared upon sterile conditions for i.a. admin-
istration [11].

The same amount of adipose tissue was harvested also 
to obtain and set up the expanded ADSCs group to have the 
same starting condition for all groups and avoid any bias in 
evaluating the effectiveness of the different treatments. The 
remaining MF, SVF, and expanded ADSCs were evaluated 
in the laboratory for cell viability and phenotypic features 
(see Suppl. Materials).

Macroscopic, histological, histomorphometric, 
and immunohistochemical analyses

At the scheduled experimental times, the distal femoral 
epiphysis and synovia were retrieved from each knee joint. 
Gross appearance of the articular cartilage was examined 
through a macroscopic analysis, with the Hanashi score [18]: 
0—surface smooth with normal colour; 1—surface rough 
with minimal fibrillation or a slight yellowish discoloura-
tion; 2—cartilage erosion extending into the superficial or 
middle layers; 3—cartilage erosion extending into deep lay-
ers; 4—complete cartilage erosion with subchondral bone 
exposure.

Explanted distal femoral condyles and synovial mem-
branes were fixed in 10% neutral buffered formalin solu-
tion (Sigma-Aldrich, Saint Louis, Missouri, USA)  for 
48 h. Femoral specimens were decalcified in 5% solution 
of formic (ACEF, Fiumicino, Rome, Italy) and nitric acid 
(Sigma-Aldrich, Saint Louis, Missouri, USA) for about 
20 days at 37 °C and paraffin-embedded. Serial sagittal sec-
tions of 5 µm thickness were taken (microtome HM 340E; 
Carl Zeiss, Oberkochen, Germany). Femoral condyles 
were stained with 1.5% Safranin-O solution (Polyscienc-
esInc., USA) and 0.02% Fast Green solution (Histo-Line 
Laboratories, Milano, Italy) and synovial membranes with 

Hematoxylin/Eosin (Sigma-Aldrich, Saint Louis, Missouri, 
USA).

Krenn score was used for the assessment of synovial 
tissue; it considers three main features of synovitis: the 
enlargement of the synovial lining cells (single layer in 
healthy synovia but thickened if inflamed), the cellular den-
sity of the synovial stroma, and the density of the inflamma-
tory infiltrate (non-resident cell population such as lympho-
cytes or plasma cells). It has a range from 0 to 9, from the 
absence (sum 0 or 1) to low grade (sum 2–4) or high-grade 
(sum 5–9) synovitis [20].

Finally, histomorphometric assessment of articular carti-
lage changes at the medial and lateral femoral condyles were 
evaluated with Laverty’s grading system [21]. The score rep-
resents the sum of 4 different parameters: Safranin-O/Fast 
Green staining, articular cartilage structure, chondrocyte 
density and cluster formation. It has a possible maximum 
score of 24 points that translates to the worst OA scenario, 
and a minimum of 0, that translates to a normal and healthy 
articular cartilage.

Then, joints were processed for immunohistochemical 
analysis (Collagen II, MMP-1, TNF-α), and the peripheral 
blood and synovial fluid were collected for white blood cells 
count, as reported in detail in the Supplementary material.

Statistical analysis

Statistical analysis was performed using R v.3.6.2 software 
[37] and R packages ‘ordinal’ [6], ‘emmean’ [32], and 
‘hmisc’ [13]. Ordinal data are presented as Median (Mdn) 
and minimum–maximum (Min–Max) range at a significant 
level of p < 0.05. Cumulative link mixed models (CLMM) 
were used to test if significant effects or interactions of 
fixed factors—‘treatment’, ‘experimental time’ and ‘com-
partment’—on Hanashi macroscopic score, Krenn synovitis 
score and Laverty score were present. Pairwise comparisons 
of estimated marginal means were done to identify signifi-
cant differences among groups; Sidak’s adjusted p-values 
were calculated.

An a priori power analysis was done to define the sam-
ple size using the G*Power software (v. 3.1.9.2, Universität 
Kiel, Germany). By assuming an effect size f ≥ 0.40 to detect 
significant differences in the histomorphometric score of 
Laverty with a power 1−β = 0.90 and α = 0.05, a minimum 
number of 96 treated joints are needed (n = 6 animals for 
each group).

Results

Three rabbits originally foreseen for Group 3—SVF/2 months 
were moved to the Group 1—Control/2 months due to the low 
cellular yield from adipose tissue, bringing the sample size of 
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the Control group at 2 months to n = 9. Three additional rab-
bits were performed in Group 3—SVF/2 months, to replace 
those moved. Animals reached the scheduled experimental 
times (2 and 4 months) without complications except for 5 
rabbits of the Group 3—SVF at 4 months, due to: surgical ext-
racapsular periarticular abscess of the knees (2 rabbits); ingui-
nal abscess (2 rabbits) or a iatrogenic submandibular abscess 
(1 rabbit). The retrieved joints of these animals (except for 
the submandibular abscess) were not considered for the mac-
roscopic and histological analyses. Then, of these 5 rabbits, 
4 were replaced. For the different evaluations performed, no 
differences were seen between Group 1a Untreated and Group 
1b 0.9% NaCl treated joints, which were merged as Control 
Group (Group 1-Control).

Further details on joints excluded from macroscopic and 
histological evaluations due to mainly technical problems 
are reported in the supplementary material.

Macroscopic analysis

No significant differences for Hanashi score were found 
among Treated Groups and Control Group, all showing mac-
roscopic appearances of cartilage erosion extending from 
superficial into deep layers (Table 2). The Hanashi score 
of Group 3-SVF was significantly lower than that of Group 
2-MF (− 27%, p = 0.026); experimental time factor had no 
significant effect on Hanashi score results.

Histological and histomorphometric analyses

The histopathological evaluation of synovial tissue, accord-
ing to the Krenn synovitis score, showed signs of synovi-
tis, particularly in Group 3—SVF and Group 4—expanded 
ADSCs in which 3 or more layers of lining cells, moderately 

increased cellularity and inflammatory cells were found. In 
Group 1—Control, thickening of the synovial lining cells 
and an increase in cellularity of the stroma were noted, but 
without inflammatory infiltrates. The total Krenn score and 
sub-parameters did not show significant differences among 
Treated Groups and Control Groups (Table 3). Experimental 
time factor had no significant effects on Krenn score results.

The histopathological evaluation of cartilage tissue of 
the Group 1-Control at 2 months showed irregularities 
with fibrillation, fissures and matrix erosion (Fig. 1a). In 
some specimens, a widespread loss of cartilage matrix 
staining was observed, without thickening of the subchon-
dral bone. At 4 months, severe OA with progressive loss 
of cartilaginous matrix was observed (Fig. 1b). At both 
experimental times, an improvement was observed follow-
ing MF treatment (Fig. 1c, d), showing a more uniform 
cartilage staining and a smoother cartilage surface than 
the Control group. In the SVF group (Fig. 1e, f), surface 
irregularities with clefts and fibrillations were found, as 
well as low proteoglycans content. Furthermore, a mul-
tifocal decrease in cell density and the presence of clus-
ters (Fig. 1e) were detected. At 4 months (Fig. 1f), SVF 
group reported fewer surface irregularities compared to 
the 2-month follow-up. In the expanded ADSCs group 
(Fig. 1g, h), some signs of surface irregularities were still 
evident at 4 months. An improvement in the cartilaginous 
matrix staining between the two experimental times was 
also noticed, but not in terms of cell density. In the statisti-
cal analysis of Laverty score results, when the results of 
treated Groups were compared to that of the control Group 
significant effects of ‘treatment’ and ‘compartment’ factors 
were detected (Table 4). In particular, the lowest Laverty 
score was found in Group 2-MF, resulting significantly 
better than Group 1-Control (− 28%, p = 0.004) (Table 4). 
Regardless of treatment, the Laverty score in the medial 

Table 2   Results of Hanashi score (0–4) for each group and experi-
mental time measured on joint surface of distal femoral epiphysis of 
both knees

Mdn, Min–Max (n = rabbits/n = joints). The fitted CLMM model 
for repeated measures showed a significant effect of group factor 
(χ2 = 8.65, p = 0.034). Pairwise comparisons: *, Group 3-SVF versus 
Group 2-MF (p < 0.05)

Group Experimental times

2 months 4 months

1-Control Mdn, Min–Max
(n = rabbits/n = joints)

3, 1–4
(9/16)

2, 1–4
(6/12)

2-MF Mdn, Min–Max
(n = rabbits/n = joints)

3, 1–3
(5/9)

3, 2–4
(6/12)

3-SVF* Mdn, Min–Max
(n = rabbits/n = joints)

2, 1–4
(6/12)

2, 1–4
(6/11)

4-Expanded ADSCs Mdn, Min–Max
(n = rabbits/n = joints)

3, 2–4
(6/12)

3, 2–4
(6/9)

Table 3   Results of Krenn synovitis score (0–9) for each group meas-
ured on the synovial membrane of both knee joints

Mdn, Min–Max (n = rabbits/n = joints). The fitted CLMM model 
for repeated measures showed no significant effects or interac-
tions of ‘treatment’ (χ2 = 5.30, p = 0.151) and ‘experimental time’ 
(χ2 = 0.728, p = 0.393) factors

Group Experimental times

2 months 4 months

1-Control Mdn, Min–Max
(n = rabbits/n = joints)

5, 4–7
(7/12)

3, 2–5
(6/11)

2-MF Mdn, Min–Max
(n = rabbits/n = joints)

6, 2–9
(5/9)

4, 2–5
(6/11)

3-SVF Mdn, Min–Max
(n = rabbits/n = joints)

5, 4–7
(6/11)

6, 5–8
(5/9)

4- Expanded ADSCs Mdn, Min–Max
(n = rabbits/n = joints)

5, 3–6
(6/11)

5, 4–6
(6/9)
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femoral condyles was higher than that noted in the lateral 
femoral condyles (16%, p = 0.008). Concerning the single 
Laverty score sub-parameters, both ‘staining’ and ‘struc-
ture’ ones presented significantly higher scores in femoral 
medial condyles compared to lateral condyles of about 
11% (p = 0.014) and 14% (p = 0.041), respectively. Group 
2-MF presented better findings in terms of lower ‘staining’ 
score than Group 1-Control (− 17%, p = 0.060) and Group 
4-Expanded ADSCs (− 18%, p = 0.051), even though the 
differences did not reach significant p-values.

No significant differences in terms of WBC of the periph-
eral blood or synovial fluid mucin content test were detected; 
further details, together with the in vitro cell assessment and 

immunohistochemical analysis, are reported in the supple-
mentary material.

Discussion

The main finding of this preclinical study is that MF adipose 
tissue showed more promising results in counteracting OA 
features in absence of side effects.

Adipose tissue is an abundant source of autologous 
ADSCs, responsible for the secretion of a wide variety 
of growth factors, cytokines, chemokines, and exosomes. 
These can influence surrounding progenitor cells and the 
entire microenvironment triggering repair mechanisms and 

Fig. 1   Representative histologi-
cal images of femoral condyles 
untreated (a, b) and treated 
with MF (c, d), SVF (e, f), and 
expanded ADSCs (g, h), stained 
with Safranin-O/Fast Green 
at 2 (left column) and 4 (right 
column) months. Magnification 
10X, scale bar: 200 μm



	 Knee Surgery, Sports Traumatology, Arthroscopy

1 3

counteracting degenerative processes [3, 8], which could 
explain the positive findings observed. In view of these prop-
erties, the use of ADSCs for the treatment of musculoskel-
etal pathologies is rapidly increasing [30, 40], especially for 
the treatment of degenerative pathologies. Preclinical studies 
showed the safety, feasibility, and effectiveness of ADSCs 
application for the treatment of both focal and degenera-
tive cartilage lesions, up to OA joints [11, 25, 30, 36, 38]. 
Moreover, clinical trials showed promising findings with 
the use of expanded ADSCs [30], and positive results have 
been also recorded for SVF and MF, indicating both safety 
and potential of these strategies, either as a pure injective 
approach or as an augmentation of surgical procedures for 
the treatment of OA [4, 19, 31, 34].

However, the majority of these clinical studies are case 
series, with heterogenous designs and without a direct com-
parison among different procedures, which makes difficult 
to understand the most suitable strategy to exploit their 
potential in counteracting symptoms and, possibly, the pro-
gression of OA. Indeed, ADSCs can be used not only as a 
homogenous population after expansion by culture. Cells 
can be also freshly isolated by the enzymatic digestion of 
adipose tissue, thus obtaining a heterogeneous SVF com-
prising various cell phenotypes at different degrees of dif-
ferentiation, in which ADSCs represent up to 10%, as well as 
a pool of growth factors and cytokines [41]. More recently, 
a non-enzymatic mechanical technique has been developed 
to obtain a suspension of MF adipose tissue by minimal 
manipulation, thus preserving vascular/stromal architecture, 
and retaining elements with pericyte/perivascular identity 
significantly higher than in the lipoaspirate [1, 5, 39]. Both 
mechanical fragmentation and enzymatic digestion allow to 
avoid culture-expansion of cells and the related issues. SVF 
and MF contain ADSCs and their environment, the so-called 

“niche”, which includes several cell types as well as a pool 
of cytokines and growth factors [1], shown to govern stem 
cells behaviour according to the body’s needs. However, 
these approaches differ from the regulatory point of view, 
as the production of SVF for clinical application is compli-
cated by the need of adipose tissue enzymatic digestion with 
collagenase, a manipulation step that entails a more compli-
cated path with the regulatory authorities [40]. Preliminary 
analyses were carried out to evaluate the biological features 
of adipose products before comparing their effects in the OA 
setting. SVF displayed a cell yield ranging from 7 × 105 to 
10 × 105 nucleated cells per gram of adipose tissue. In this 
study, we were not able to perform cell count from the native 
untreated MF, which displayed a heterogeneous cell popula-
tion entrapped in an extracellular matrix [10]. However, in a 
preliminary in vitro study a cell yield of 105 MF‐ADSCs /0.1 
gr of MF following enzymatic treatment was observed [28]. 
As for expanded-ADSCs, a cell concentration of 2 × 106 
ADSCs/300 μl was used, defined in a previous preclinical 
in vivo study, capable of promoting immunomodulatory, 
anti-inflammatory and anti-fibrotic effects [11]. All adipose 
products displayed good cell viability, high percentages of 
CD-90 and CD-146 and low positivity for the CD-45 marker.

The slightly better histological outcome in favour of 
MF would encourage the use of this approach, which obvi-
ates the need for GMPs facilities and expensive standard 
operating procedures required for extensive manipulation. 
Moreover, this procedure does not only imply lower costs 
and lower regulatory restrictions but also takes advantage 
of the effects of the entire “niche.” The positive results are 
in line with the in vitro study of Paolella et al. [28] showing 
the ability of MF to reduce typical macrophages markers 
inducing specific inhibitors in an inflammatory model of OA 
synoviocytes [28]. MF produced low levels of inflammatory 
factors such as IL-6, CCL5/RANTES, CCL2/MCP-1, and 
CCL3/MIP-1α, and a higher level only of CXC‐chemokine 
ligand 8/IL 8 compared with expanded cells. Moreover, MF 
reduced the release of both macrophage-specific chemokines 
(CCL2/MCP-1 and CCL3/MIP-1α) and degradative marker 
MMP-9, while increasing TIMP-1 (MMP-9 inhibitor) and 
down-modulating TLR4, key molecules of NFκB path-
ways. Strictly dependent on TLR4 and NFκB signalling, 
MF switched off macrophages activity [28]. On the other 
hand, in this preclinical rabbit model expanded-ADSC were 
only partially effective since the positive qualitative findings 
were not confirmed by the statistical analysis of the applied 
scores. These findings could be explained by the isolation 
procedure and culture conditions that could have interfered 
with their potential.

MF well preserves instead the stem cell “niche”, main-
taining the biologically intact structure of cell–cell junc-
tions and preserving the basal ECM proteins, which also 
showed to counteract inflammation [17]. MF also exhibited 

Table 4   Results of Laverty score (0–24) for each group measured on 
medial and lateral femoral condyles of both knee joints

Mdn, Min–Max (n = rabbits/n = joints). The fitted CLMM model 
for repeated measures showed significant effects of ‘treatment’ 
(χ2 = 10.63, p = 0.014) and ‘compartment’ (χ2 = 6.90, p = 0.008) fac-
tors. Pairwise comparisons: **, Group 2-MF versus Group 1-Control 
(p < 0.005)

Group Experimental times

2 months 4 months

1-Control Mdn, Min–Max
(n = rabbits/n = joints)

15, 4–23
(9/31)

17, 9–23
(6/24)

2-MF** Mdn, Min–Max
(n = rabbits/n = joints)

12, 7–17
(5/19)

12, 6–20
(6/23)

3-SVF Mdn, Min–Max
(n = rabbits/n = joints)

16, 9–21
(6/24)

12, 7–20
(5/18)

4- Expanded ADSCs Mdn, Min–Max
(n = rabbits/n = joints)

13, 8–22
(6/22)

13, 7–21
(6/17)
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greater levels of CD-163 marker, commonly expressed by 
wound-healing macrophages, than SVF and ADSCs, which 
could exert anti-inflammatory and repair activities directly 
on cartilage tissue. Moreover, the local biodistribution of 
MF, demonstrated at the synovial membrane level, may play 
a critical role in driving healing responses in this tissue at 
long-term follow-up [10]. These properties suggest MF 
potential to be applied to various inflammatory conditions or 
pathologies, such as OA, which requires to switch off mac-
rophages with an inflammatory phenotype for adequate ther-
apeutic treatment. In fact, synovitis is a common finding in 
OA joints, and synovial tissue may show significant changes, 
even before visible cartilage degeneration has occurred, with 
infiltration of mononuclear cells, thickening of the synovial 
lining layer and production of inflammatory cytokines [23]. 
Moreover, there is strong evidence that synovitis is associ-
ated with further worsening of OA [23], also augmenting 
the responsiveness of peripheral nociceptive neurons, and 
thereby contributing to increase the pain experience [26]. 
The potential of MF to address synovial inflammation is 
an important aspect to be considered for clinical applica-
tion, where the symptomatic benefit is more likely linked 
to homeostatic rather than regenerative changes, and more 
studies are needed to understand how to further exploit this 
property.

A limitation of this study is the adaptation of a human 
micro-fragmentation procedure to process the rabbit adipose 
tissue, which presents more fibrotic characteristics. In fact, 
to permit the passage from syringe-to-device and back, the 
rabbit adipose tissue was minced under sterile condition 
before the mechanical fragmentation, to reduce it to a more 
homogenous compound. This additional passage could have 
affected the potential of MF and possibly reduced the effects 
on the joint tissues. Nonetheless, the direct comparison of 
the efficacy of three procedures to isolate ADSCs within the 
same well-established animal model of OA has never been 
investigated. As regards the effect on the statistical analysis 
of having moved rabbits from Group 3-SVF to Group 1-Con-
trol, as well as of excluding for technical problems some 
bone segments from histology and histomorphometry, a post 
hoc power analysis on primary outcome confirmed that the 
statistical analysis carried out with the modified sample size 
was adequate (Laverty score: 1-β ≈ 0.93).

Results were slightly in favour of MF, although several 
other aspects remain to be clarified to optimize the poten-
tial of ADSCs application for the treatment of degenerative 
joint pathologies. However, while further studies should 
aim at better understanding the mechanism of action, as 
well as potential and limitations of this treatment, this study 
provides preliminary insights on their promising effects in 
cartilage. All experimental treatments did not elicit signifi-
cant adverse reactions, with peripheral blood and synovial 
WBC contents supporting the safety of all the examined 

treatments. Thus, taking into account these preclinical find-
ings, as well as the minimally manipulated procedure in a 
closed system, MF can be considered a suitable strategy 
to exploit ADSCs potential as a minimally invasive treat-
ment in the clinical practice. High-level studies in humans 
should explore and confirm the potential of MF injections 
to provide a significant clinical benefit and to slow down 
the degeneration processes in patients affected by knee OA.

Conclusion

MF, SVF, and expanded ADSCs did not elicit significant 
local or systemic adverse reactions in this preclinical OA 
model. Among these different strategies to exploit the adi-
pose tissue potential, MF showed the most promising find-
ings in particular in terms of protection of the articular sur-
face from the joint degenerative processes. While the use of 
adipose tissue-derived procedures produced positive over-
all results in the present OA animal model, some aspects 
remain to be clarified, such as the identification of the best 
application protocol and of the patients and OA phase that 
could benefit more from this treatment. MF showed promis-
ing preliminary evidence as a minimally invasive injective 
treatment to address knee OA.
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