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ABSTRACT

Non-traumatic rotator cuff tears (RCTs) are a frequent and potentially disabling injury. There is
growing evidence that hyaluronic acid is effective for pain relief and to counteract inflammation in
RCTs, however, its effective role in tendinopathies remains poorly studied. The present study aims to
disclose a possible molecular mechanism underlying the cytoprotective effects of four different
hyaluronic acid preparations (Artrosulfur HA®, Synolis-VA®, Hyalgan® and Hyalubrix®) under
H,0O,-induced oxidative stress. Expression-levels of Lactate dehydrogenase (LDH) released were
quantified in cell supernatants, CD44 expression levels were analysed by fluerescence microscopy, the
mitochondrial membrane depolarization (TMRE assay) was measured by flow cytometry and the role
of the transcription factor Nrf2 was investigated as a potential therapeutic target for RCT treatment.
The modulation of extracellular matrix- (ECM) related proteiniexpression (Integrin p1, Pro-collagen
1A2 and Collagen 1A1) and autophagy occurrence (Erk:l/2.and phosphoErk 1/2 and LC3B), were all
investigated by Western Blot. Results demonstrate, that Artrosulfur HA, Hyalubrix and Hyalgan
improve cell escape from H,O,-induced ‘oxidative stress, decreasing cytotoxicity, reducing Nrf2
expression and enhancing catalase’ recovery. The present study lays the grounds for further
investigations insight novel pharmaceutical strategies targeting key effectors involved in the molecular

cascade triggered by hyaluronic acid.



INTRODUCTION

Non-traumatic rotator cuff tears are one of the most common musculoskeletal disorders, which results
in chronic pain and disability with age-associated incidence and high social costs [1, 2]. Over the last
twenty years, a large number of studies has lent support to conservative treatment of tendinopathies
using non-invasive therapies and pain management [3, 4, 5]. Unfortunately, a compromised
functionality persists with all the currently available approaches, thus research continues to seek
innovative pharmacological agent solutions to improve patient outcomes and restore,tendon integrity.
Disorganization of the Extracellular Matrix (ECM), resulting in collagenfiberi,disarrangement and
inflammation occurrence, has been recognized as a principal cause of pain and dysfunction in RCT
pathology, seemingly impeding healing responses [6]. In addition, Sai-Chuen et al. have recently
shown that oxidative stress induced by H,O, could play. some role in failed tendon healing in
tendinopathies in an in vivo model [7]. To date, the causal,link/between the effects of oxidative stress in
the degeneration and progressive loss of tendon function is attracting increasing attention in biomedical
and clinical research [8]. Moreover, the precise molecular mechanisms underlying RCT pathology are
largely unknown and much research’ into_novel therapies to treat tendinopathy is ongoing. A well-
defined therapeutic target should, be the objective in molecular, cellular, translational and immune-
biological research to offer.a better outcome to patients.

There is growing evidence“that the use of hyaluronic acid (HA) is capable of alleviating pain and
improving functionin-RCTs [9]. However, its effective role in tendinopathies remains poorly studied.
HA is a large glycosaminoglycan, which regulates physiological processes in most tissues. HA is a
biocompatible, biodegradable and hydrophilic macromolecule which can interact with cell membranes
through the so-called “link module” receptors containing a common structural domain of about 100
different amino acids involved in ligand binding. Among them, the cluster of differentiation 44 (CD44)

has been the most widely studied [10, 11]. CD44 is a primary HA receptor with a wide range of



physiological and pathological functions, which are determined by the protein’s extracellular structure
and by the very large number of isoforms. One of the most important roles of CD44 is in mediating the
uptake and clearance of hyaluronic acid. Furthermore it is a key mediator during normal wound
healing, inflammation and fibrotic healing processes. For instance, HA-CD44 interactions promote cell
adhesion and motility, thus facilitating tissue repair and remodeling of the injured sites [12]. HA is
abundant in tendons and both CD44 and HA levels are elevated during adult tendon healing. Higher
levels of HA have been shown to be beneficial in regenerative wound experiments. Despite evidence
that HA mitigates tendinopathy through CD44 interaction [13], a previous study [11] found that injured
patellar tendons heal better in CD44-deficient mice than in wild type centrel, mice. Furthermore, it has
been reported that HA modulates inflammation based on differential, degrees of polymerization (i.e. by
molecular weight), although the precise effect of variation_in melecular-weight of HA on tenocytes in
tendinopathy is still unclear. Recently, we have shown that.different hyaluronic acid preparations by
molecular weight, directly regulate cell activity of tendon-derived cells by enhancing their metabolism
and modulating a number of biological processes including cell apoptosis. Indeed we have reported that
HA stimulates collagen type | syntheSisiin a dose-dependent manner, mainly at 1000 pg/ml [14, 15].
Furthermore, HA has been shown to have a wider range of pharmacological activities, including tissue-
regenerative and anti-inflammatory properties [16]. It has been reported that HA reduces reactive
oxygen species (ROS) production in mechanical-stress-loaded bovine cartilage [17]. Oxidative stress is
both beneficial ands harmful in biological systems. Cells, and particularly mechano-sensitive
musculoskeletal cells such as tenocytes, routinely encounter oxidative stress [18]. It has been widely
demonstrated that the accumulation of a large amount of ROS stimulates the intracellular antioxidant
system which is accurately regulated by Nrf2 (nuclear factor erythroid 2 [NF-E2]-related factor 2) [19].
It has been reported that a failure of functional tendon-repair may be strongly associated with an

excessive inflammatory response which may itself be associated with the activation of the Nrf2



pathway [20]. Several ongoing studies are seeking to develop specific therapeutic agents to target Nrf2
in order to trigger signaling pathways involved in cell response towards oxidative stress and therefore

counteract inflammation [21].

A number of potential intracellular-signaling pathways have functional consequences for tendon-
pathology environments, such as the regulation of ECM characteristics, immune responses and cell
proliferation. Recent studies have shown increased extracellular signal-regulated kinase (Erk 1/2)
signalling during tendinopathy and a parallel inhibition of p38, with a consequent reduction in I1L6
expression [22]. Separately, Erk 1/2 signalling has been identified as an hallmark'in the mechanisms
which inhibit tenocyte proliferation and collagen synthesis [23]. Further, it'has been shown that Erk
inhibitors reduce pro-inflammatory cytokine/chemokine productionsbut do not modulate tenocyte
apoptosis in cases of hypoxic tissue stress in human tendinopathy, [24, 25].

Another determining factor in the progression ofsthe tendon disease is autophagy which it has been
shown to be also involved in adhesion formation [26]: Complementing the Nrf2-dependent regulation
of antioxidant responses, the autophagy-lysosemal pathway facilitates additional defense mechanisms
against cellular oxidative stress by, selectively removing misfolded or damaged intracellular proteins
and organelles, and thereby attenuating and reversing the injury caused by oxidative stress [27]. The
process of autophagy involves members of the autophagy-related (ATG) family of proteins which
regulates the incorporation of phosphatidylinositol 3-phosphate into the phagophore membrane from
which autophagosomes are generated. Next, the conjugation of phosphatidylethanolamine to LC3
(MAP1LC3) leads to the formation of the autophagosome-bound form of LC3 called LC3-11 [28]. Thus
the activation of LC3I into LC3II represents an hallmark of autophagy occurrence [29]. It has been well
recognized that mechanical overloading induces cellular stress, such as oxidation and endoplasmatic

reticulum disturbance in tenocytes, which contribute to the development of tendinopathy [30].



Based on the above observations, we investigated whether HA would be beneficial to human rotator-
cuff, tendon-derived cells under induced oxidative stress in vitro. Thus HA potential cytoprotection
against hydrogen peroxide-generated damage was here investigated. The antioxidant effects of four
different HA by molecular weight on human rotator-cuff tendon-derived cells in terms of cytotoxicity
and CD44-HA expression level were studied and, in particular, ECM deposition-related proteins and
autophagy occurrence. Finally, the potential role of the Nrf2 signaling pathway in RTCs during HA

administration was investigated.

MATERIALS AND METHODS

Cell culture

In the current study, cryopreserved, tendon-derived cells, storeduin wvials in liquid nitrogen, isolated
from the same patients used in our previous work were utilized [31]. The tendon-derived cells were
thawed out at passage 0 and were immediately used for culture to avoid phenotype drift with further
passages. Briefly, tendon samples were previously harvested from healthy areas close to degenerative
supraspinatus tendons tear area biopsy specimen’in 10 patients who were operated arthroscopically for
shoulder rotator cuff repair, with asmean age of 63,6 + 6,9 years. Trauma history, heavy smoking habit
or systemic conditions such “as ‘thyroid disorders, diabetes, gynecological condition, neoplasia,
rheumatic diseases, and anygprevious or concomitant rotator cuff disease were considered exclusion
criteria. Written consent was obtained from the patients prior to surgery and the procedure was
approved by the the local authorities. Primary human tendon derived cell cultures were established as
previously described [14, 31, 32].

Cell treatment

Human tendon-derived cells were seeded as passage 1 in 6 well (0.5x10° cells/well) tissue culture-

treated plates (Falcon®, Corning Incorporated, NY, USA) and let them adhere for 24 hours. In a first set



of experiments, cultured cells were exposed to 2 mM H,O, (stock solution 30% v/v, Sigma Aldrich,
Milan, Italy) and to four different hyaluronic acid separately, namely Artrosulfur HA® MW 1000,
Synolis-VA® MW 2200 KDa, Hyalgan MW 500-730 KDa, and Hyalubrix® MW 1600 KDa (Table 1).
The HAs were dissolved, at a final dose of 1000 ug/ml as reported in our previous work [14], in the
same culture media used for the entire experiments (a-MEM supplemented with 10 % FBS) and the Ph
was adjusted to 7. In a second set of experiments, cells were treated with hyaluronic, acids in the
presence of 2 mM H,0,. Untreated cells were used as control. Exposure times varied,according to the
various parameters analyzed, from 6 hours up to 24 hours.

Lactate dehydrogenase (LDH) release assay

After the exposure times (6 and 24 hours), cell supernatants were collected, centrifugated at 450xg for
4min and stored on ice. In order to quantify cytotoxicityhoccurrence, the CytoTox 96° Non-
Radioactive Assay (Promega Corporation, WI, USA), was performed. The CytoTox 96°Assay
quantitatively measures LDH, a stable cytosolic enzyme that is released upon cell lysis. Released LDH
in culture supernatants is measured with a 30 minrcoupled enzymatic assay and results were analyzed
as previously reported [33].

Immunofluorescence staining of CD44

Tenocytes were seeded in.4-wéll ¢hamber slides at 2x10%/well (Nunc™ Lab-Tek™ II Chamber Slide™,
Thermo Fisher Scientific, Rochester, NY, USA) in triplicates and cultured as previously described in
this section. After 5sminutes (T0), 1 and 3 hours of exposure cell supernatants were discarded and
cultures were washed with cold PBS with calcium and magnesium and afterwards fixed with pure
acetone for 10 min at —20 C. Then cells were washed three times with cold PBS and blocked in PBS
containing 5% of Bovine Serum Albumin (BSA; Sigma-Aldrich, Milan, Italy) for 30 minutes at room
temperature. After having discarded the blocking solution, tenocytes were incubated with a FITC

mouse anti-human CD44 (BD Pharmigen, BD Biosciences, Allschwil, Switzerland) for 1h at 37° C.



The incubation time was stopped discarding the diluted antibody and washing cultures three times with
PBS. Finally, a solution of 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Milan, Italy) diluted
1000 times with PBS was added, allowed to stand at room temperature for 5 min and washed 3 times
with deionized water. Slides were examined with a ECLIPSE Ti-U inverted, fluorescent microscope
(Nikon Instruments INC., Melville, NY, USA) as previously described [14]. Mean Fluorescence
Intensity (MFI) of the negative control was subtracted from that of each sample. The. MFI (mean
intensity of CD44) fold change was obtained by normalizing MFIs (mean intensity,of CD44) to the
related untreated cell fluorescence.

Measurement of mitochondrial membrane potential (TMRE assay) by.flow cytometry

After 6 hours of treatment, exposure medium was removed, cells were incubated with TMRE 100 nM
(TMRE-Mitochondrial Membrane Potential Assay Kit, Abcam, €ambridge, UK) in PBS/FBS 10% and
were afterwards incubated for 1 hour at 37°C in a humified’atmosphere. TMRE is a cell permeant,
positively-charged, red-orange dye that readily accumulates in active mitochondria due to their relative
negative charge. Depolarized or inactive mitochaondria have decreased membrane potential and fail to
sequester TMRE [34]. Next, cells¢were washed once with PBS, trypsinized and collected by
centrifugation. After having resuspended cells in 300 ul of PBS, TMRE fluorescence emission was
measured by flow cytometry (CytoFlex flow cytometer, Beckman Coulter, CA, USA) at an excitation
wavelength of 488 nm and“an emission wavelength of 575 nm (TMRE-PE). Negative control represent
autoflorescence. of unstained cells. Mean Fluorescence Intensity (MFI) were obtained by histogram
statistics using the CytExpert Software (Beckman Coulter, CA, USA). Individual values from three
independent experiments are summarized as mean values of MFI = SD.

Cell Lysis and Protein Extraction

After having treated cells for 24 hours as previously described in this section, floating and

adherent cells were harvested by trypsinization and collected in cold PBS by centrifugation. Cell



pellets were washed twice with cold PBS. Lysis buffer (0.5 ml) plus protein inhibitors cocktail
(PBS, 1% lgePal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml PMSF, 1 mg/ml
aprotinin, 100 mM sodium orthovanadate and 50 pg/ml leupeptin) was added and set on ice for
30 minutes. The lysed pellets were then re-suspended and kept on ice for a further 30 minutes.
Following centrifugation for 15 minutes at 20,000xg, supernatants were collected as whole cell
fractions. Protein concentration was determined using a bicinchoninic acid assay (QuantiPro™
BCA Assay kit for 0.5-30 pg/ml protein, Sigma-Aldrich, Milan, Italy) following the
manufacturer’s instructions.

Immunoblotting

Tendon-derived cell lysates (15 pg/sample) were electrophoresed on a4-20% SDS-PAGE Gel
(ExpressPlus™ 10x8, GenScript Biotech Corporation, China) and transferred to nitrocellulose
membranes. Nitrocellulose membranes were then blocked in.5% of non-fat milk or 5% of BSA,
10 mmol/L Tris pH 7.5, 100 mM NaCl, 0.1%,Tween'20 and probed overnight at 4°C under gentle
shaking with mouse anti-f-actin (Sigma-Aldrich; St. Louis, MO, USA) (primary antibodies
dilution 1:10,000), mouse monoclonal anti-Integrin p1, anti-Pro-collagen 1A2 and Collagen 1Al
(primary antibody dilutions 1:200) and rabbit polyclonal anti-Nrf2 (primary antibody dilution
1:750) (all purchased by.Santa Cruz Biotechnology, CA, USA), rabbit monoclonal anti-Erk 1/2
and anti-phospho-Erk 1/2 (primary antibody dilutions 1:1000) (Cell Signaling Technology, MA,
USA) and rabbit.menoclonal anti-LC3B (primary antibody dilution 1:1000) (Sigma Aldrich,
Milan, Italy) antibodies. Membranes were afterwards incubated in the presence of specific 1gG
horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were identified
using the ECL detection system (LiteAblot Extend Chemiluminescent Substrate, EuroClone
S.p.a., Milan, Italy) and analysed by densitometry. Densitometric values, expressed as Integrated

Optical Intensity (101), were estimated in the CHEMIDOC XRS system using the QuantiOne 1-D



analysis software (BIORAD, Richmond, CA, USA). Values obtained were normalized based on
densitometric values of internal B-actin. Results are expressed as percentages of normalized
densitometric values (mean + S.D.).

Catalase activity

The analysis of the antioxidant enzyme catalase activity was carried out in cell supernatants using
the Amplex® Red Catalase Assay Kit (Molecular Probes, Invitrogen Corporation, CA, USA)
after 24 hour of treatment. Catalase is a heme-containing redox protein which prevents excess of
intracellular hydrogen peroxide (H,O,) converting this compound to water-and exygen. In the
assay, catalase, if working in samples, first reacts with H,O, to produce water and oxygen (O2).
Next, the Amplex Red reagent reacts with a 1:1 stoichiometry with any unreacted H,O, in the
presence of horseradish peroxidase (HRP) to produce the_highly fluorescent oxidation product,
resorufin. Therefore, as catalase activity increases, the, signal from resorufin decreases. The
absorbance was measured at 560 nm by,meansyof a spectrophotometer equipped with a
microplate reader (Multiskan GO, Thermo Scientific, MA, USA). The results are typically plotted
by subtracting the observed fluoreseénce from that of a no-catalase control (complete growth
medium). Assessment of the relative catalase activity (mU/ml) was calculated using a standard
curve generated with specific:Standards provided by the manufacturers.

Statistics

Statistical analysis was performed using the analysis of variance (one-way ANOVA) and the
pairwise comparison t-test. Results were expressed as mean + S.D. Values of p < 0.05 were

considered statistically significant.



RESULTS AND DISCUSSION

This study demonstrates that the four different HA preparations that we investigated (Artrosulfur HA®,
Synolis-VA®, Hyalgan and Hyalubrix®) have protective effects against the oxidative stress-related
cytotoxicity, induced in vitro by H,O,, which is a distinctive feature in RCTs. These effects are
achieved through the modulation of the hyaluronan receptor CD44, the transcription factor Nrf-2 and
the activation of signaling pathways connected to cell survival and autophagy.

It should be noted that the concentrations of HA used (1000 pg/ml) were chosentaccording to the
results obtained from our previous study evaluating dose-response, which “used the same HA
preparations and tissue samples as used in this study. As shown in Figure-1a, the percentage of LDH
released in cell supernatants after 6 and 24 hours reveals that all thee HAs administered are non-
cytotoxic, having viability parameters comparable to those-of untreated cultures (both after 6 and 24
hours, mean LDH percentage is comparable to untreated tenocytes, at around 15%), which confirms
findings of our previous work [14]. By contrast, 2smM H,0, significantly increase the secretion of
LDH from tendon-derived cells, registering a peak both after 6 and 24 hours of exposure and
representing the highest percentages observed in the experimental assay (98.95% at 6 hours and
84.24% at 24 hours). Administration of either Artrosulfur HA, or Hyalubrix or Hyalgan counteracts
H,0,-induced cytotoxicity in_tendon-derived cells (Figure 1a). In greater detail, under parallel
administration, there'is a significant fall in the levels of LDH for these three HA-preparations compared
to H,O, alone after 6=hours. Moreover, Artrosulfur HA or Hyalubrix are the most effective in restoring
membrane integrity in the presence of H,O, after 24 hours. However, the LDH released remains
relatively high after 24 hours when Hyalgan is administered in parallel with H,O,.. As far as Synolis -
VA is concerned, parallel administration with H,O,, reduces LDH levels after 6 hours, with respect to
H,0, alone (51.361% and 98.954%, respectively). However, over a longer period of 24 hours, its

effects are practically indistinguishable from H,0O, alone (83.942% and 84.240%, respectively). One



hypothesis may be that Synolis VA does not act on cytotoxity in the same way as the other HAs do,
because of the difference in molecular weight (M.W.), since Synolis VA (2000 kDa) is the HA tested
here with the highest M.W. and it has been reported that it affects rheological properties and function.
As has been shown in other studies, the amount of anionic charges directly related to the molecular
weight of hyaluronic acid could affect the strength of the ionic interaction and the resulting enzymatic
activities [35]. Another possible hypothesis is that since Synolis VA contains 4% sorbitol, this limits
HA degradation and may influence its anti-cytotoxic activity. As an indirect cell proliferation analysis,
the amount of protein (ug/ml) in the whole cell lysate was quantified by*BCA assay (Figure 1b).
Briefly, all the HAs administered alone display a protein content comparable to that of the untreated
cells (1389.45 pg/ml). As expected, there is a drastic fall in the amount of-protein after stimulation with
2 mM H,0, (216.3 pg/ml). All the HAs, except Synolis VAadministered in parallel with H,O, slightly
increase the protein content, while revealing Hyalubrix to.be the best preparation (360 pg/ml) at
counteracting H,O,-induced cytotoxicity (Figure 1b):

HA interactions with CD44 cell-surface' receptors mediate different biological processes and,
consequently, we afterwards investigated each HA preparation-CD44 interaction through the receptor
expression profiles in the presence or not of HA and with or without H,O, (Figure 2). Immediately after
exposures (T0), the MEl.related to Artrosulfur HA dramatically increases compared to untreated
cultures (1.99 and 061, respectively) resulting in the highest value registered (Figure 2b). After 1 hour
of treatment, all the ' HA preparations significantly up-regulate CD44. The highest peak (MFI = 4.19) is
for Synolis-VA, followed by Artrososulfur HA (2.66), Hyalubrix (2.00) and Hyalgan (1.14). After 3
hours of exposure, the fluorescence signal is generally decreased, being Hyalgan the only HA
preparation which slightly but significantly up-regulates CD44 with respect to untreated cells (1.60 and
0.88 respectively). Consequently, the MFI fold-change on the untreated control related to HA

preparations alone highlights that Artrosulfur HA is effective on CD44 immediately after exposure



(fold-increase of 4.11 with respect to UC) (Figure 2b, c). Although the MFI fold-change of Artrosulfur
HA remains high after 1 hour, the one of Synolis-VA is even more elevated, representing the highest
value registered (fold-increase of 12.02 and 7.67, respectively). At the same experimental exposure,
CD44 is also significantly up-regulated by Hyalubrix, although to a lesser extent (fold-increase of
5.81). The oxidative stress induced by H,O, down-regulates the expression of CD44, both in terms of
MFI (around 0.02 for every experimental exposure) and fold change (Figure 2b, c). In parallel, the
presence of all the HA preparations during H,O,-exposure increased CD44-expression from that of
early exposure times, being even higher than the untreated controls. In details, Artrosulfur HA is the
most effective preparation at TO (MFI 1.27 and fold-change 2.63). After(1 h-of exposure in the presence
of H,0,, CD44-expression increases significantly with ArtrosulfursHA, Synolis VA (MFI 1.90 with a
fold-change of 5.54) and Hyalubrix (MFI 1.72 and fold-change4.89). In more detail, Artrosulfur HA-
induced expression of CD44 remains comparable to"TQ, whereas Synolis VA induces higher CD44
expression. After 1 h, Hyalgan slightly increases CD44-expression (MFI 0.45 and fold-change 2.17),
whereas itis found significantly raised after.a 3hwexposure (MFI of 2.47 and a fold-change of 2.69).
Although CD44 expression remains:high at'3 h for Artrosulfur HA, Synolis VA and Hyalubrix, it is
however decreased compared to that at 1 h. Our findings are in accordance with another study that
demonstrated CD44 up-regulation by exogenous HA at 4 weeks after surgery in a rotator cuff repair
model [36]. Furthermore It*has been already revealed that HA modulates cell proliferation and collagen
expression in CD44™tenofibroblasts from rotator cuff tears, favoring tendon healing [37]. Additionally,
two studies distinctly reported that Synolis VA and Hyalgan activities were mediated by the CD44
receptor in a human chondrocyte in a in vitro model [38, 39]. In our experimental model, all the HA
preparations increase CD44 levels thus, in accordance with previous studies, it is plausible to assume
that they bind to the CD44 receptor and that this interaction (HA-CD44) induces a biological effect by

activating signaling via several pathways. Molecular studies have shown that there is a complex



interplay among the CD44-receptor density, its state of activation and the multivalent binding events,
which are all affected by the size of the hyaluronan ligand, which regulate the HA binding at cell-
surface [40]. There is a limit beyond which very large hyaluronan molecules become less efficient at
engaging multiple receptors due to their steric hindrance, which would suggest that there must be a
specific size range (being neither too big nor too small to facilitate binding) which offers maximal
biological and molecular response. The existence of isoforms of CD44 may also contribute to the
differential HA binding. For HAs of different sizes, differences in the mechanism of action could be
more apparent than real. Indeed from a theoretical standpoint, selective binding,processes, even for
high M.W. HAs, could generate sufficient amounts of HA of the_suitable size to trigger a
therapeutically-positive biological response [41].

The mitochondrial membrane potential (MMP) was then measured in order to establish the perturbance
rate of the intracellular redox equilibrium for H,O, and'whether or not the recovery seen through the
LDH assay could be seen at a mitochondrial level. The TMRE assay was performed after 6 hours of
treatment and samples were analyzed by flow cytometry (Figure 3). All four HA preparations alone
increase the MFI value compared tountreated cells, and significantly so in the presence of Artrosulfur
HA and Synolis-VA. Coherently:with LDH data, samples treated with 2 mM H,0O, undergo dramatic
mitochondrial membrane.dep6larization (MFI 1.08x10%). Surprisingly there is no noticeable variation
in MFI values between the four HA preparations administered in parallel with H,O, and H,0;
administered alone (1:2x10* and 1.08x10*, respectively). This demonstrates that co-treatment with any
of the HAs does not restore H,O,-induced mitochondrial membrane depolarization, suggesting that
HAs do not prevent mitochondrial disruption in tenocyte-derived tendons. On the other hand, given the
absence of HAs protective effect on MMP, it may be that the H,O, concentration used here is
substantial and mitochondria are rapidly permeable to H,O, [42]. Consequently, it is plausible to

hypothesise that HAs are not effective at early phases under oxidative stress, but that they are more



effective over time, despite prompt activation of the CD44 receptor at TO for Artrosulfur and after 1
and 3 hours for the other HA preparations (Figure 2). This is possibly attributable to the Kinetic
mechanisms of HA interaction and to the lag time before becoming effective, since the process requires
the engagement of membrane receptors involved in inflammation-response and the blocking of related
signal transduction pathways [43].

It is well-known that the tendon ECM is mainly composed of collagen, most of which is'collagen type
I. Tenocytes produce all components of the ECM and participate in cell-cell and cell-matrix interactions
mediated via transmembrane signal transduction receptors such as Integrin p1: They activate different
signal transduction pathways, such as the mitogen-activated protein (MARP),Kinase pathway, and thus
control proliferation, differentiation and survival of tenocytes [44]..Consequently, we investigated the
expression of some of the key molecules in the ECM, namely, Integrin 1, pro-collagen type | and
collagen type | (Fig 4). As shown in Figure 4b, levels of Integrin 1 are restored in cells with H,O,-
induced cytotoxicity in the presence of HAs after 24:hours of treatment. In greater detail, Hyalgan and
Hyalubrix administered alone induced significantly increased expression of Integrin 1 compared to
the untreated control cells. (62.91%,:84.43% and 53.12%, respectively). The percentage of Integrin 1
expression dramatically halves when cells are stimulated with 2 mM H,0, (27.33%) compared to the
untreated control. Notably;the administration of Artrosulfur HA, Hyalgan or Hyalubrix in the presence
of 2 mM H,0, restores _Integrin B1 protein levels. Moreover, although Synolis-VA administered in
parallel with H,O, inereases the level of Integrin B1 expression compared with H,O, alone, it does not
fully restore Integrin B1 expression levels. Studies into other types of connective tissue have shown that
the cell-ECM receptor B1-integrin mediates cell-ECM interaction as an important pre-requisite for cell
survival [45, 46] which leads us to hypothesise that a similar mechanism occurs in tendons.

Next we investigated the protein expression levels of pro-collagen type | and collagen type | (Figure

4c). Synolis-VA, Hyalgan or Hyalubrix alone induce a significant increase in pro-collagen | protein



expression levels compared to the untreated control cells (89.98%, 97.70%, 85.82%, respectively
versus 77.12%), while Artrosulfur HA does not (67.24%). H,O,-induced cytotoxicity significantly
increases pro-collagen 1 levels (127.50%) compared to the untreated control. Parallel administration of
Altrosulfur HA, Hyalgan or Hyalubrix, reduces pro-collagen | protein expression levels, although it
does not restore expression levels. Synolis-VA does not induce any significant expression-level
variation compared to H,O, alone (126.72%). Artrosulfur HA, Synolis-VA or Hyalgan alone induce
significantly increased expression of Collagen type | compared to untreated cells (57.50%, 52.83%,
49.54% and 40.64%, respectively). Hyalubrix induce a slight decrease in expression levels (31.46%).
H,0,-induced cytotoxicity significantly reduced collagen type 1 expression=(23.77%) compared to the
untreated control. All 4 HAs preparations administered in parallel with H,O, not only failed to restore
collagen type | protein expression levels, but induced a further slight reduction compared to H,O, alone
(7.98%, 8.94%, 10.58% and 11.43%). Evaluating the ratio of<pro-collagen type | to collagen type I, it
should be noted that Hyalubrix alone has the highest'ratio value, while Artrosulfur HA alone has a ratio
close to 1 (2.72 and 0.85). Synolis VA or Hyalgan alone have ratios which are similar to that of the
untreated control (0.58, 0.57 and 0.52, respectively). Thus, in the presence of HAs alone the ratio
between pro-collagen and collagen production is unremarkable. Moreover, it should be noted that the
ratio is higher in favor of.mature collagen for Artosulfur HA than in the control, or similar to untreated
cells for Synolis-VA'and Hyalgan, confirming our previous observations about increased collagen type
I production [14]. Insthe presence of H,O»-induced cytotoxicity, the ratio of pro-collagen type | to
collagen type | increases drastically, because there is a significant increase in pro-collagen type I
expression and a significant reduction in collagen type | expression. The co-presence of each of the HA
preparations did not reduce this ratio, although for Artrosulfur HA the ratio was slightly lower, because
of the lower level of pro-collagen type | expression (Figure 4c). Collagen I consists of two pro-collagen

isoforms, os and oy, which are co-translationally translocated into the endoplasmic reticulum (ER). Pro-



collagen contains pro-peptides at the C and N terminal ends which are proteolytically cleaved to
integrate with the fibril. Disorganization of the ECM under ER stress during tendon inflammation leads
to alteration of pro-collagen trafficking and collagen composition. The delay in restoring the altered
collagen 1 ratio was found to be another reason underlying the persistence of RCTs [47]. Moreover it
has been reported that hyaluronan modulates cell proliferation and the expression level of pro-collagen
alphal (I11) mRNA, but not expression of pro-collagen alphal (l), in fibroblasts from patients with
rotator cuff disease, although immunofluorescence cytochemistry detected constitutive binding of HA
and CD44 expression [37]. Furthermore, healing process of an injured tendon ‘@ccurs In three main
phases which are inflammatory, reparative (proliferation, characterized, by matrix production),
remodeling (consolidation and maturation). During the second phases, the:ECM is mostly collagen type
Il which is replaced by collagen type | over the course of,the,third phase [48]. We may, therefore,
hypothesise that HA preparations require longer times than.those studied in order to induce collagen
type | formation which would then probably contribute to a reduction in healing times. It should,
however, be noted that in our study ArtrosulfursHA seems to be the most effective among all HA
preparations in restoring the pro-collagen’l to collagen I ratio in the presence of H,O, (Figure 4c).

Molecules involved in oxidative'and ER stress cell responses were then analyzed by measuring levels
of (the oxidative stress-sensitive factor) Nrf2 and catalase activity as shown in Figure 5a. As expected,
Nrf2 expression is significantly high in cells with H,0,-induced oxidative stress (47.12%) compared to
the untreated control(16.46%), whereas Nrf2 levels are significantly lower when HAs are administered
in parallel with H,O, compared to H,O, alone, indicating that all 4 HA preparations induce an anti-
oxidative-stress cell-response (Figure 5a). In greater detail, co-administration of Artrosulfur HA or
Hyalubrix results in Nrf2 expression-levels which are only slightly higher than the untreated control
(21.47% and 20.42%, respectively). Nrf2 expression-levels are lower in the presence of Synolis-VA

(14.51%) than in untreated cells and Hyalgan co-adminstration exhibits similar Nrf2 expression-levels



(16.18%) to the untreated control (Figure 5a). Moreover, Artrosulfur HA or Synolis-VA administered
alone, induce significantly higher Nrf2 expression (32.54% and 29.23%, respectively) than in the
untreated control cells, while Hyalgan and Hyalubrix do not influence Nrf2 levels (20.66% and
15.06%, respectively). As already mentioned, Nrf2 is the major transcription factor involved in the
intracellular response towards ROS and thus directly transcripts for antioxidant enzymes such as
catalase which is one of the terminal regulators [19]. In our experimental model, in the‘presence of 2
mM H,0,, the catalase activity rate is significantly decreased, being half that of untreated cells (300.9
mU/ml and 605.6 mU/ml, respectively) (Figure 5b). When the HAs are each-administered with H,O,,
the catalase activity rate improves slightly, but significantly, with reSpeet,to H,O, alone. More in
details, with Artosulfur HA and Hyalubrix the rate is slightly higher. than for Synolis-VA and Hyalgan
(373.1 mU/ml, 369.2 mU/ml, 337.6 mU/ml and 335.1 mU/ml, respectively) revealing them to be the
best preparations at inducing catalase activity rate improvement. For the administration of each HA
without H,0,, all the HAs maintain the normal rate of the antioxidant enzyme, with Synolis-VVA being a
slight but significant inducer, while Hyalgan hasa reduced inductive effect (663.1 mU/ml and 562.3
mU/ml). Our data suggest that Nrf2'levels are clearly enhanced by a massive amount of H,O,, but cell
response is not adequate, and is'not capable of counteracting oxidative stress, as corroborated by the
decreased catalase activity-(Figure 5b) and the released LDH values (Figure 1a). On the contrary, when
each of the four HA preparations are administered in parallel with H,O,, Nrf2 expression is largely
restored (Figure 5a)vand the catalase activity rate is only slightly restored compared to the untreated
control, but is significantly restored with respect to the H,O, alone. It is plausible to assume that in 2
mM H,0,-exposed cells, the Nrf2-related molecular cascade fails to activate terminal antioxidant
regulators, or catalase dismutation is saturated by the massive concentration of its substrate. By
contrast, the presence of HAs leads to constant Nrf2 expression which restores catalase activity and

leads to the enhancing of viability as shown by LDH data.



Nrf2 mRNA is expressed independently of inducers, suggesting a post-transcriptional mechanism, or
mechanisms, for Nrf2 activation. Apart from Nrf2 canonical activation through the suppression of its
cytoplasmatic inhibitor Keapl and the consequent nuclear translocation [49], several other mechanisms
have been described for the regulation of Nrf2 [50]. In our experimental model, increased levels of total
Nrf2 in the presence of H,O, could be due to inhibited proteosomal degradation rather than
transcriptional activation due to the high cell permeability towards ROS. Restored cell membrane
integrity as shown by LDH data, increased levels of the transduction receptor Jntegrin f1 and the
consistent expression of Nrf2, suggest that mechanisms involved in the antiexidant response triggered
by the HAs ultimately result in an increase in Nrf2 levels, but also that ethersmolecular machineries are
involved which act on a different level to Nrf2 and are probably triggered-by the bi-directional receptor
Integrin B1. Furthermore, Onodera et al have showed that, by adding HA to chondrocytes, they found
an HA-induced accumulation of the critical transcriptional-factor Nrf2. This led to corresponding
changes in expression of target genes, suggesting that.the cellular effects of HA are not only due to the
HA-CD44binding, but also occur through biological mechanisms and the activation of intracellular
signal transduction [51]. As a consequence, proteins which have been reported to be involved in tendon
healing during inflammation were investigated. In accordance with with Nrf2 expression findings, Erk
1/2 is slightly activated in-untreated control cells with the ratio between the full-length protein and the
phosphorylated fraction ‘being 0.42 folds (Figure 6b). All HA preparations enhance Erk 1/2
phosphorylation, Artresulfur HA and Hyalgan significantly (1.05 and 1.16 fold increase) compared to
the untreated control. Conversely, stimulation with 2 mM H,0, reduces Erk 1/2 expression to zero. In
the presence of Artrosulfur HA, Synolis-VA, Hyalgan or Hyalubrix administered with H,O,, the pErK
1/2 to ErK 1/2 ratio increases significantly (1.93, 1.90, 2.47 and 3.45, respectively). The increase in the
ratio is higher for Hyalgan and Hyalubrix, as shown in Figure 6b In our study, increased Erk 1/2

phosphorylation is in accordance with the cytotoxicity data obtained, in that all the HA preparations



lower the percentage of released LDH when they are each administered with H,O,, which is not the
case for H,O; alone. Our results, are in agreement with numerous studies indicating that the activation
of Erk1/2 plays a central role in cell survival under a variety of stress stimuli, such as H,O,, in various
tissues, including tendons [52, 53].

Finally, in order to establish whether autophagic flux is occurring, the ratio between LC3I and LC3lII
was quantified after having probed samples by Western blotting (Figure 6a, ¢, d). The LC3II protein
level is only slightly increased in untreated control cells with the LC3I/LC3II ratio assessed at 0.35,
while all the HA preparations used enhance this ratio, but not significantly (0:87;,0.53, 0.41, 1.04 for
Artrosulfur HA, Synolis-VA, Hyalgan and Hyalubrix respectively). Onhe.contrary, cells under H,0,-
induced oxidative stress were found to have LC3 | activated, meaning that the LC3II/LC3I ratio is 1.25
fold (Fig. 5d). When tendon-derived cells are exposed to. H2O, and Artrosulfur HA, Hyalgan or
Hyalubrix in parallel, LC3 Il expression is significantlyshigher than for H,O, alone (1.72, 1.64, 1.28
and 1.25, respectively), with the highest LC3I11/LC3I ratio registered in the presence of Synolis-VA
(2.76 fold). The data obtained through the invitrg=model show that, LC3 is activated as a consequence
of H,O,-induced cytotoxicity, confirming cross-talk between inflammation occurrence, ER-stress and
autophagy. LC3 activation is higher in H,O,-stimulated cultures in the presence of HAs, mainly with

Synolis-VA (Figure 6d).

CONCLUSIONS

Data reported here demonstrate that all the HAs administered enhanced cell recovery from H,0,
exposure, in terms of decreased cytotoxicity and reduced Nrf2 expression. Moreover, a plausible
molecular mechanism underlying this cell response is suggested, which appears to be particularly
efficient in the presence of Artrosulfur HA®, Hyalgan and Hyalubrix®. Furthermore, this study
showed increased expression of the HA-receptor CD44 after 1h in the presence of each HA preparation

and for Artrosulfur HA® already immediately after exposure (at TO). As illustrated in Figure 7, it



should be noted that each HA preparation used in this study can trigger a variety of responses,
suggesting that they are likely to possess their own specific features. It is plausible to hypothesize that
the RCT profile of the candidate patients should be taken into consideration to guarantee the greatest
benefit from a potentially personalized HA therapy. The investigation presented here lays the ground
for further drug targeting studies in order to discover and better document which aspects of intrinsic
HA-product properties and other external factors may influence clinical outcomes, in an effort to

improve hyaluronic acid performance on patients in the counteraction of RCTSs.
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FIGURE LEGENDS

Figure 1. Lactate dehydrogenase (LDH) release and total protein amount,in human tendon-
derived cell culture in the presence of hyaluronic acids. (a) Bars show.the mean percentages + SD
(n=3) of LDH released by tenocytes in various experimental situations compared to total LDH released
after cell lysis after 6 and 24 hours of exposure. (b) The bar.graph displays values + SD related to the
total amount of proteins obtained by the BCA assay (n=3) after 24 hours of treatment expressed as ug
of proteins/ml of cell lysate.

**** p<0.0001 between median values of treated samples and Untreated cells after 6 and 24 h.

## p<0.01 between median values ofiHA-treated samples+H,0, and H,0, after 6 and 24 h.

### p<0.005 between median values of HA-treated samples+H,0, and H,O, after 6 h.

#### p<0.0005 between median values of HA-treated samples+H,0, and H,O; after 6 h.

Figure 2. CD44 expression in human tendon-derived cell culture in the presence of hyaluronic
acids. (a) Representative images from 3 independent experiments of the expression of CD44 after
immunofluorescence staining at 0, 1 and 3 hours of culture CD44 is stained in fluorescent green (FITC)
and the nuclei are highlighted in fluorescent blue (DAPI). (b) Immunofluorescent quantification by
Mean Fluorescence Intensity (MFI). CD44-FITC (green fluorescence) was quantified by anti-CD44

and the total area was measured using a Nikon software. Data are expressed as mean=+SD from 3



independent experiments for samples run in triplicate (scale bar: 50um);(c) Values are the mean (= SD)
of three independent experiments and are reported as the ratio between the MFI of each sample and the
MFI of the untreated cells (fold-change).

** p<0.05 between median values of treated samples and Untreated cells.

*** p<0.005 between median values of HA-treated samples and Untreated cells;

**** p<0.0001 between median values of treated samples and Untreated cells.

## p<0.01 between median values of HA-treated samples+H,0O, and H,0s.

### p<0.005 between median values of HA-treated samples+H,0; and H,0,

#### p<0.0001 between median values of HA-treated samples+H,0, and H,Q,

Figure 3. Measurement of the mitochondrial membrane potential (MMP) in human tendon-
derived cell culture in the presence of hyaluronic acids: The modulation of the MMP measured by
flow cytometry is displayed in the bar graph.and it'is provided as the mean fluorescence intensity
(MFI) = SD (n=3). Representative fluorescence peaks are shown and are provided to highlight the
fluorescence shift in the phycoerythrin‘ehannel.

**** p<0.0001 between medianvalues of treated samples and Untreated cells.

*** n<0.005 between median,values of HA-treated samples and Untreated cells;

## p<0.01 between median values of HA-treated samples+H,0O, and H,0x.

Figure 4. Integrin p1, Pro-collagen type 1 and Collagen type 1 protein expression in human
tendon-derived cell culture in the presence of hyaluronic acids. (a) Typical results of the analysis of
protein expression by Western blotting of at least three independent experiments. B-actin expression is
used as protein content marker. (b, c) Bar graphs display densitometric values expressed as the mean

percentage + SD (n=3) of integrated optical densities of protein bands normalized on B-actin.



**** n<0.0001 between median values of treated samples and Untreated cells.
*** p<0.001 between median values of treated samples and Untreated cells
** p<0.05 between median values of treated samples and Untreated cells.

## p<0.01 between median values of HA-treated samples+H,0O, and H,0s.

#### p<0.0001 between median values of HA-treated samples+H,0, and H,0;

Figure 5. Nrf2 protein expression and catalase activity in human tendon-derived cell culture in
the presence of hyaluronic acids. (a) Typical results of the analysis of protein expression by Western
blotting of at least three independent experiments. B-actin expression isused:as protein content marker.
Bar graphs display densitometric values expressed as the mean percentage + SD (n=3) of integrated
optical densities of protein bands normalized on B-actin. (b) Bars display the modulation of catalase
activity (mU/ml) of tenocytes over the different experimentak.eonditions.

# p<0.05 between median values of HA-treated samples+H,0, and H,0,

**** n<0.0001 between median values of treated samples and Untreated cells.

#### p<0.0001 between median values of HA-treated samples+H,02 and H,0,

Figure 6. Erk 1/2, pErk.2/2'and’'LC3 I-11 protein expression in human tendon-derived cell culture
in the presence of hyaluronic acids. (a) Typical results of the analysis of protein expression by
Western blotting of atsleast three independent experiments. B-actin expression is used as protein content
marker. (b, c, d) Bar graphs display densitometric values expressed as the mean percentage £ SD (n=3)
of integrated optical densities of protein bands normalized on B-actin of the ratio pErk 1/2 and Erk 1/2
(b), LC3I and LC3lII relative expression (c) and the ratio LC311 and LC3I (d).

* p<0.05 between median values of treated samples and Untreated cells.

** p<0.01 between median values of treated samples and Untreated cells.



*** p<0.005 between median values of treated samples and Untreated cells.
**** p<0.0001 between median values of treated samples and Untreated cells.
# p<0.05 between median values of HA-treated samples+H,0, and H,O..

## p<0.01 between median values of HA-treated samples+H,0O, and H,0s.

#### p<0.0001 between median values of HA-treated samples+H,0, and H,0;

Figure 7. Schematic representation of the most effective HAs at restoring, biological and

molecular activity after 6 and 24 hours from H,O, exposure.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Table 1. Features of Hyaluronic Acids preparations tested

Molecular

Commercial Name Active Substance . Source Manufacturer
Weight
. ) Fidia Farmaceutici
Hyalgan® Linear Sodium 600730 KDa Rooster s.p.a., Abano Terme
Hyaluronate Combs
(PD), Iltaly
Linear Sodium Bacterial
L .p.a.
Artrosulfur HA® 1000 KDa N a}boreslt\j’”p al |
Hyaluronate Fermentation 'Nerviano (M1), ltaly
] ) ) Fidia Farmaceutici
) Linear m B rial
Hyalubrix® inear Sodiu 1600 KDa acte |a_ s.p.a.,"Abano Terme
Hyaluronate Fermentation
(PD), Iltaly
Linear Sodium
Synolis-VA® Hyaluronate + Sorbitol 2000 KDa Bacterial Anteis s.a., Geneva,

(4 %) (limits the HA
degradation)

Fermentation

Switzerland




