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Abstract
Purpose Rotator cuff tears are common musculoskeletal disorders, and surgical repair is characterized by a high rate of re-tear.
Regenerative medicine strategies, in particular mesenchymal stem cell–based therapies, have been proposed to enhance tendon
healing and reduce the re-tear rate. Autologous microfragmented adipose tissue (μFAT) allows for the clinical application of cell
therapies and showed the ability to improve tenocyte proliferation and viability in previous in vitro assessments. The hypothesis
of this study is that μFAT paracrine action would reduce the catabolic and inflammatory marker expression in tendon cells (TCs)
derived from injured supraspinatus tendon (SST).
Methods TCs derived from injured SST were co-cultured with autologous μFAT in transwell for 48 h. Metabolic activity, DNA
content, the content of soluble mediators in the media, and the gene expression of tendon-specific, inflammatory, and catabolic
markers were analyzed.
Results μFAT-treated TCs showed a reduced expression of PTGS2 and MMP-3 with respect to untreated controls. Increased IL1Ra, VEGF, and IL-6 content were observed in the media of μFAT-treated samples, in comparison with untreated TCs.
Conclusion μFAT exerted an anti-inflammatory action on supraspinatus tendon cells in vitro through paracrine action, resulting
in the reduction of catabolic and inflammatory marker expression. These observations potentially support the use of μFAT as
adjuvant therapy in the treatment of rotator cuff disease.
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Introduction
Rotator cuff surgical repair represents an effective approach
for the treatment of rotator cuff tears (RCT) in patients
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unresponsive to conservative therapies [1]. RCT represent a
major cause of shoulder pain and disability and the prevalence
is growing due to population aging [2, 3]. Nevertheless, it is
characterized by a high rate of tear re-occurrence [4–6] mainly
given by the failure of healing process in the supraspinatus
tendon [7–11]. In order to improve tendon healing and reduce
the incidence of re-tears after repair, different strategies have
recently been proposed, many of which in the realm of regenerative medicine [12]. These approaches are aimed at
exploiting the potential of platelets and mesenchymal stem
cells to improve the regenerative potential of tissues through
their production of growth factors and cytokines [13]. Several
studies have demonstrated the ability of mesenchymal stem/
stromal cells (MSCs) in the treatment of tendon injuries in
both preclinical and clinical settings [14]. In particular, cultured adipose-derived stem/stromal cells (ASCs) injected in
the injured supraspinatus tendon of fifty-five dogs allowed
for functional improvements correlated by imaging
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assessment [15]. In a recent report, nine patients with rotator
cuff tendinopathy showed improvements after intra-tendinous
administration of cultured autologous ASCs [16]. Adipose
tissue, together with bone marrow, is considered one of the
most convenient sources of MSCs [17], but the use of cultured
cells in the clinical practice is limited by regulatory restrictions
concerning the advanced therapy medicinal products
(ATMPs) and the high costs of good manufacturing practice
(GMP) cell expansion [18, 19]. For this reason, different onestep techniques have been developed for obtaining autologous
cell concentrates from adipose tissue intra-operatively without
need for cell culturing. Among the proposed products,
microfragmented adipose tissue (μFAT) have been extensively characterized in vitro [20–22] and found to enhance human
tendon cell (hTC) viability, proliferation, and growth factor
production [23], providing the basis for the present study.
Herein, the potential of autologous μFAT in promoting
tendon healing have been investigated in vitro on tendon cells
derived from matched injured supraspinatus tendon (TCs).
The working hypothesis was that the paracrine action of autologous μFAT would reduce the expression of catabolic and
inflammatory markers in TCs derived from pathological tissue, favoring the establishment of a regeneration-prone microenvironment, thus providing evidence of the putative mechanism of action of μFAT in the context of rotator cuff disorders.

Materials and methods
μFAT harvesting and TC isolation
Supraspinatus tendon biopsies and lipoaspirate adipose tissue
were collected from ten patients (five females and five males,
mean age 54.0 ± 11.7 years old) during arthroscopic rotator
cuff repair with μFAT infiltration. The collection of spare
tissues was approved by the Institutional Review Board (no.
148/INT/2015, January 13, 2016), and an informed consent
was obtained from all patients. The microfragmented adipose
tissue was prepared from lipoaspirate adipose tissue collected
before surgery using Lipogems60™ device (Lipogems
International S.p.A., Milano, Italy), following manufacturer’s
instructions [24]. An aliquot was procured before injection for
the in vitro experiments. The fragmented tissue was centrifuged at 376×g for five minutes at room temperature in order
to separate the aqueous phase. The tissue (at this stage including adipocytes, stromal cells, extracellular matrix, and endothelial cells [24]) was frozen at − 80 °C after dilution in the
same volume of freezing mix (90% FBS, 10% dimethyl sulfoxide, Sigma Aldrich, St. Louis, MO, USA) to preserve cell
viability, while the aqueous phase was stored at − 20 °C. This
solution may contain molecules and other elements (such as
microvesicles) that may play a role in μFAT action. An aliquot (1 ml) of μFAT was digested by 0.075% w/v collagenase

type I (Worthington, Lakewood, NJ, USA) for 45 min at
37 °C before and after the freezing/thawing procedure. Cell
count and viability were evaluated by Nucleocounter NC3000 using cell viability staining (Chemometech, Allerod,
Denmark) [25]. The mean cell count was of 1.1 ± 0.7 × 106
cells/ml. Cell viability of freshly harvested μFAT was 51.0 ±
9.9%, and it was reduced to 31.4 ± 9.9% post-thaw. Human
tendon cells (TCs) were isolated from torn supraspinatus tendon (SSP) biopsies. The tissue was digested in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich) with
0.3% w/v collagenase type I (Worthington, Lakewood, NJ,
USA) overnight at 37 °C, as previously reported [26]. The
isolated TCs were cultured in complete medium (high glucose-DMEM, 10% v/v fetal bovine serum (FBS; Euroclone,
Pero, Italy) 100 U/ml penicillin, 100 μg/ml streptomycin,
0.29 mg/ml l-glutamine (Gibco, Waltham, MA, USA), supplemented with 5 ng/ml fibroblast growth factor (bFGF;
Peprotech, London UK). During culture, medium was replaced every 3 days. Cells were cultured up to passage three
when all the experiments were performed.

TC-μFAT co-cultures
After counting by hemocytometer, TCs were seeded in 12multiwell plate at the density of 50.000 cells/well and cocultured with 250 μl of μFAT (containing 125 μl of tissue
thawed before usage in complete medium and 125 μl of aqueous phase previously stored at − 20 °C), using transwell inserts with pores of 0.4 μm diameter (Corning, Corning, NY,
USA). This allowed to maintain TCs separated from μFAT.
TCs cultured in absence of μFAT were considered as untreated controls. After 48 hours of incubation, cell viability was
measured and then culture medium and TCs were harvested
for the following experiments. Culture medium was stored at
− 20 °C, while cell pellets were stored at − 80 °C.

Cell viability assay
Cell viability was tested by Alamar Blue assay in all the samples. Briefly, after 48 h of co-cultures, the culture medium was
replaced by a 10% v/v solution of Alamar Blue
(ThermoFisher Scientific, Waltham, MA, USA) in DMEM.
TCs were incubated for 2 h at 37 °C, and then the fluorescence
was measured by a spectrophotometer (ex. 540–em. 590,
Victor X3, Perkin Elmer, Waltham, MA, USA).

RNA and DNA isolation and quantification
Total RNA and DNA were extracted from all samples using
TRI reagent (Sigma Aldrich). Briefly, 300 μl of TRI reagent
was added to all the cell pellets in order to obtain cell lysate.
Then, 100 μl of 1-bromo-3-chloropropane (Sigma Aldrich)
was added to the each lysate. Samples were centrifuged for
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ten minutes at 12,000×g, and the interphase was collected for
DNA extraction by addition of 100% ethanol and centrifugation at 2000×g for five minutes. The precipitated DNA pellet
was washed for 30 minutes in a 0.1 M trisodium citrate solution added with 10% v/v ethanol, and then centrifuged five
minutes at 2000×g. After one wash in 75% ethanol DNA was
solubilized using 50 μl 8 mM NaOH and stored at − 20 °C.
DNA quantification was performed at 260 nm absorbance by
Nanodrop spectrophotometer using software version 3.7.1
(Nanodrop nd-1000, ThermoFisher Scientific) [27]. The
RNA was precipitated from the remaining aqueous phase by
incubation with isopropanol. RNA pellet was washed twice by
75% ethanol, re-suspended in 20 μl RNAse-free water, and
then stored at − 80 °C.

Gene expression analysis
The cDNA was obtained from total RNA by reverse transcription with iScript™ cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA,USA) as per manufacturer instructions. Quantitative real-time PCR was performed
using 10 ng of cDNA in a reaction mix comprising
TaqMan® Universal PCR MasterMix and the following
Assays-on-Demand Gene expression probes (Life
Technologies Waltham, MA, USA): MMP1 (metalloproteinase-1, Hs00899658_m1), MMP3 (metalloproteinase3, Hs00968305_m1), PTGS2 (cyclooxygenase-2,
Hs00153133_m1), SCX (scleraxis, Hs03054634_g1),
COL1A1 (collagen type I alpha 1 chain,
Hs01076777_m1), and COL3A1 (Collagen type III alpha
1 chain, Hs00943809_m1). The experiments were performed using the Applied Biosystems StepOnePlus®
(Life Technologies), with the following protocol: 50 °C
for two minutes, 95 °C for ten minutes, 40 cycles at
95 °C for 15 seconds, and 60 °C for one minute. The mean
expression of two housekeeping genes, ACTB (β-actin,
Hs99999903_m1) and YWHAZ (Tyrosine 3Monooxygenase/Tryptophan 5-Monooxygenase
Activation Protein Zeta, Hs03044281_g1), was used for
normalization [28]. Two replicates were analyzed for each
sample, and data were presented according to ΔCt method
[29].

ELISA
The production of IL-1Ra, IL-6, TNFα (Peprotech, London,
UK), and VEGF (R&D Systems, Minneapolis, MN, USA) in
the culture media of differently treated TCs after 48 hours was
analyzed by ELISA, following manufacturer’s instruction.
The detection ranges were 23–1500 pg/ml for IL-1Ra, 24–
1500 pg/ml for IL-6, 31.3–2000 pg/ml for VEGF, and 31–
2000 pg/ml for TNFα.

Statistical analysis
All the analyses were performed using GraphPad Prism v5.0
(Graphpad Software, La Jolla, CA, USA). Normal distribution
of data was assessed by Shapiro–Wilk test. Paired t test was
applied to measure differences among treatments when data
presented a normal distribution; otherwise, the Wilcoxon
matched paired test was applied. A level of p < 0.05 was considered statistically significant.

Results
μFAT did not influence TC viability and proliferation
Neither viability nor DNA content of TCs was influenced by
the presence of autologous μFAT. Indeed, similar values were
obtained in treated and non-treated TCs after 48 h of coculture in transwell with μFAT (Fig. 1A, B). μFAT demonstrated a mean cell content of 2.2 ± 1.5 × 106 cells/ml. No
correlations between the effects provoked on TCs and cell
count were observed.

μFAT inhibits the expression of SCX, COL1A1, COL3A1,
MMP-3, and COX-2
A reduction of SCX expression was observed in TCs cocultured with μFAT for 48 hours, even if not in a statistically
significant manner (− 45%, p = 0.064; Fig. 2A). Similarly, the
paracrine action of μFAT resulted in the reduction of both
collagen type I and type III expression (− 54%, p = 0.53 and
− 65%, p < 0.05, respectively; Fig. 2B, C), leading to a slight
increase in the collagen type I/type III expression ratio (not
significant, n.s.). For what concern the expression of catabolic
enzymes, μFAT was able to reduce the expression of MMP-3
in TCs by 73% (p < 0.05) with respect to untreated controls
(Fig. 2E), but not that of MMP-1 (Fig. 2D). At the same time,
μFAT inhibited the expression of cyclooxygenase-2 (PTGS2,
− 78%, p < 0.05) (Fig. 2F).

μFAT enhanced the production of cytokines and
growth factors
While TNFα resulted undetectable in all samples (data not
shown), the other molecules tested were modulated in the
supernatant of TCs cultured in presence of μFAT for 48 hours.
Increases were observed in IL-1Ra (+ 123%, p < 0.05;
Fig. 3A), IL-6 (+ 267%, p < 0.01; Fig. 3B), and VEGF content
(+ 59%, p < 0.01; Fig. 3C) with respect to the untreated controls. Conversely, the quantity of IL-1β was reduced in the
culture media of TCs in co-culture with μFAT (− 23%,
p < 0.05; Fig. 3D).

International Orthopaedics (SICOT)
Fig. 1 TC metabolic activity and
DNA content. Metabolic activity
(A) measured by Alamar assay
and DNA content (B) of TCs cocultured with autologous μFAT
(TCs + μFAT) for 48 hours and
untreated controls (TCs) (n = 10)

Discussion
This study showed that μFAT effectively increased the content
of soluble anti-inflammatory and trophic mediators in the cell
supernatant of the TCs co-cultured for 48 hours in an in vitro
setting of paracrine communication. As a result, inflammatory,
catabolic, and fibrotic marker expression in tendon cells derived
from injured supraspinatus tendon was found to be reduced.
Supraspinatus tendon undergoes continuous shear stress and
load due to its anatomical positioning, and given this high functional demand, it is often subject to injury and degeneration
requiring surgical intervention [30, 31]. In addition, the

Fig. 2 TC gene expression. Gene expression of SCX (A), COL1A1 (B),
COL3A1 (C), MMP-1 (D), MMP-3 (E), and PTGS2 (F) in TCs cultured
in the presence or absence of μFAT for 48 hours. *p < 0.05; §p < 0.1

frequency of re-tears after these procedures is high and often
due to failure of tendon healing, which is often limited by the
meager cellularity and vascularization of this particular tissue
[7–11]. The tendon degenerative processes are known to
involve inflammation, especially in rotator cuff disease [32],
where mediators such as IL-1β and NLRP3 inflammasome
contribute to the progression of the pathology [33], stimulating
the expression of inflammatory and catabolic elements, such as
cyclooxigenase-2 and metalloproteases [34–36]. In this context,
the application of regenerative medicine treatments is intended
to counteract the inflammatory process and stimulate the
viability of tendon cells, in order to favor restoration of tissue

(tendency). Data are expressed as ΔCt mean ± SD with respect to
ACTB/YWAHZ expression (n = 10)
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Fig. 3 Cytokines and VEGF
content. IL-1Ra (A), IL-6 (B),
VEGF (C), and IL-1β (D) content
in the media of SSP-TCs cultured
in the presence or absence of
μFAT for 48 hours. Data are
represented as median and 5–95%
percentile (n = 10). *p < 0.05;
**p < 0.01

homeostasis and healing, rather than increasing the cell number
and/or proliferation.
The application of μFAT in our model significantly reduced the expression of cyclooxygenase-2 (COX-2), a key
marker of inflammation. While in the early stage of tendon
injury the inflammatory reaction, comprising COX-2 production, may contribute to tissue healing by eliciting cell proliferation and tissue repair [37–39], inflammation should progressively decrease in the following stages of the healing process, to allow for the restoration of tissue homeostasis.
Conversely, the establishment of a chronic inflammatory condition appears to represent the crucial turning point towards
pathology development and tissue degeneration [37]. The cellular model used in the present work originates from a pathological context where tissue homeostasis was lost and inflammatory mediators were produced chronically [40]. Indeed, the
presence of the inflammatory mediator IL-1β was observed in
the supernatants of TCs cultured in standard conditions, which
was then reduced by the co-culture with μFAT, confirming
the anti-inflammatory activity of this product. Thus, the reduction of PTGS2 gene expression observed in this model following μFAT treatment might be interpreted as a return of TCs to
a physiological state.
On the contrary, TNFα was not present in our samples.
This molecule was reported to be present in freshly harvested

torn human supraspinatus tendons [41] and in cultures of
tenocytes derived from the Achille’s tendon [42].
Nevertheless, a previous report on cultured supraspinatus tendon cells was consistent with our observation, showing negligible expression of this molecule [43].
The reduction of these inflammatory mediators also demonstrated effects on the production of catabolic enzymes.
MMP-1 and MMP-3 were described to be correlated with
the tear size in rotator cuff lesions [44], even if to some extent
they are also expressed in non-pathological conditions [45]. In
our study, MMP-3 expression was significantly reduced in
μFAT-treated samples with respect to untreated controls,
while MMP-1 expression was unaltered. Involvement of these
enzymes in rotator cuff tears has already been demonstrated at
both protein and gene levels [46, 47] and similar results have
been obtained by other authors observing co-cultures of tendon explants and ASCs [48], with a specific focus on MMP-3
[49]. High levels of MMP-3 have been associated to tendon
re-tear after rotator cuff repair [50], and thus, the reduction of
this catabolic enzyme expression would represent a strong
rationale for the use of μFAT in conjunction with rotator cuff
repair.
Despite these positive results regarding inflammatory and
catabolic markers expression, after 48 hours of co-culture with
μFAT, the TCs also reduced their tendon-specific markers’
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transcription, such as SCX, COL1A1 and COL3A1. SCX is
one of the main transcription factors involved in tenocytes
differentiation, and it contributes to the expression of many
tendon-specific molecules [51]. Our findings are consistent
with the ASC-mediated reduction of tendon-specific marker
expression previously described by other authors [49, 52].
Taken together, these observations suggest that the effect of
μFAT in the context of tendon pathology is not able to stimulate tendon cell viability but rather to control inflammation
and pathology progression. However, in our study, the reduction of collagen type I expression was balanced by the concomitant decrease of collagen type III transcription, thus
maintaining the proportion of COL1A1/COL3A1 ratio, which
is an important aspect for the prevention of fibrotic extracellular matrix deposition [53, 54].
Given the experimental setting used in this study, it is possible to state that all the effects induced by μFAT were exerted
by its paracrine action. μFAT is known to release a wide
number of soluble mediators, in particular those involved in
the modulation of inflammation and chemotaxis, and comprising IL-1Ra, VEGF, and IL-6 [21]. In fact, in our study, higher
levels of these molecules were observed in the media of TCs
co-cultured with autologous μFAT. VEGF and IL-1Ra are
strictly associated with the counteraction of inflammation
and the promotion of tissue healing. IL-1Ra is a competitive
inhibitor of IL-1β [55], and thus, it directly blocks the cascade
of events elicited by this inflammatory molecule [56]. Our
data showed that the increase of IL-1Ra effects is associated
with a direct reduction of IL-1β release by TCs. At the same
time, VEGF represents a pro-regenerative factor, not only
stimulating angiogenesis but also fostering the restoration of
proper tissue vascularization [57]. The production of VEGF is
regulated by different factors including IL-6 [58] whose concentration appeared to be up-regulated by the presence of
μFAT. While representing an actor in the inflammatory cascade [59, 60], IL-6 is also involved in a complex network of
molecular signaling, which may be able to support TC proliferation and tendon healing [61–63], also reducing the catabolism in other cells such as inflamed synoviocytes in the in vitro
setting [22].
The main limitation of the present study is the need to
culture TCs for several passages before the experiments to
obtain a suitable cell number for the completion of the analyses. Cell culturing outside of the pathophysiological environment may have altered the gene expression pattern of the cells,
thus reducing the reliability of this pathological model. This
also brought the need for freezing and thawing μFAT, reducing its cell viability, and thus possibly negatively influencing
the results. Another limitation is represented by the short observation time applied in our study, which was primarily designed to evaluate the gene expression of specific markers as
well as the production of soluble mediators. Therefore, it may
lack suitable time points for the observation of other effects,

such as those on proliferation and viability of TCs co-cultured
with μFAT as observed by others [23, 64].
In conclusion, μFAT exerted an anti-inflammatory action
on supraspinatus tendon cells in vitro through the release of
biochemical mediators, resulting in the reduction of catabolic
and inflammatory marker expression. These observations potentially support the use of μFAT in rotator cuff disease, as a
conservative treatment aimed to symptoms relief or as an adjuvant therapy in conjunction with surgical repair, although
further translational studies are needed.
Experimental data are available at https://osf.io/dfqs5/?
view_only=09a66eb5367145ec81f96888f6cff908
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