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Abstract

Several studies suggest that inflammation has a pivotal role during the pro-

gression of osteoarthritis (OA) and cytokines have been identified as the main

process mediators. This study aimed to explore the ability to modulate the

main OA pro‐inflammatory biomarkers of novel gels (H‐HA/BC) based on

high molecular weight hyaluronan (H‐HA) and unsulfated biotechnological

chondroitin (BC). For the first time, BC was tested also in combination with H‐
HA on human primary cells isolated from pathological knee joints. Specifi-

cally, the experiments were performed using an OA in vitro model based on

human chondrocytes and synoviocytes. To evaluate the anti‐inflammatory

effects of H‐HA/BC in comparison with H‐HA and BC single gels, NF‐kB,
COMP‐2, MyD88, MMP‐13 and a wide range of cytokines, known to be spe-

cific biomarkers in OA (e.g., IL‐6, IL‐8, and TNF‐α), were evaluated. In ad-

dition, cell morphology and proliferation occurring in the presence of either

H‐HA/BC or single components were assessed using time‐lapse video micro-

scopy. It was shown that synovial fluids and cells isolated from OA suffering

patients, presented a cytokine pattern respondent to an ongoing inflammation

status. H‐HA and BC significantly reduced the levels of 23 biomarkers
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associated with cartilage damage. However, H‐HA/BC decreased significantly

24 biological mediators and downregulated 19 of them more efficiently than

the single components. In synoviocytes cultures, cytokine analyses proved that

H‐HA/BC gels re‐established an extracellular environment more similar to a

healthy condition reducing considerably the concentration of 11 analytes.

Instead, H‐HA and BC significantly modulated 7 (5 only with a longer treat-

ment) and 8 biological cytokines, respectively. Our results suggest that

H‐HA/BC beyond the viscosupplementation effect typical for HA‐based gels,

can improve the inflammation status in joints and thus could be introduced as

a valid protective and anti‐inflammatory intraarticular device in the field of

Class III medical devices for OA treatments.
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1 | INTRODUCTION

Osteoarthritis (OA) is considered a chronic and pro-
gressive disease mainly characterized by degeneration of
articular cartilage and it can affect single or multiple
joints.1 This pathology is very complex and involves all
joint components inducing articular cartilage degradation,
subchondral bone enlargement, osteophyte formation, li-
gaments, and menisci deterioration with joint capsule
hypertrophy and synovial inflammation.2,3 This latter was
recently shown to have a crucial role in OA development
and/or advancement.4–6 In fact, synovial membranes in
OA affect cartilage metabolism by reducing the production
of glycosaminoglycans (GAGs) from chondrocytes.7 These
latter produce cytokines, biological mediators that play a
central role in inflammation progression, but their action
mechanism in the joint is being studied by the scientific
community.8 Moreover, synovial inflammation has re-
cently been connected to the activation of inflammatory
and catabolic events in articular cartilage leading to the
activation of Toll‐like receptors (TLRs) in chondrocytes. In
fact, TLR‐2 and 4 enhance the expression of catabolic
genes, (e.g., MMP‐13) and NF‐kB signaling through the
cytosolic adaptor myeloid differentiation factor 88
(MyD88).3 Synoviocytes (that represent more than 65% of
the cell population lining the joint cavity9) also produce
cytokines10 together with several other inflammatory
mediators related to OA, such as nuclear factor kappa‐
light‐chain‐enhancer of activated B cells (NF‐kB), che-
mokines (interleukin [IL‐8] and monocyte chemotactic
and activating factor [MCAF]), matrix metalloproteases
(e.g., MMP‐1, MMP‐2, MMP‐3, MMP‐9, and MMP‐13) and
their specific tissue inhibitor (TIMP)‐1.11,12

Another important role in the articular cartilage is
played by the Cartilage Oligomeric Matrix Protein
(COMP) which gives support to type II collagen fibers
stabilizing their bonds.13 The high production of this
protein is associated with degenerative conditions as it is
involved in the reconstitution of articular cartilage after
damage.4,14 COMP is synthesized by chondrocytes and
also by synoviocytes.15 Furthermore, these latter syn-
thesize the hyaluronic acid (HA) present in the synovial
fluid through hyaluronic acid synthase (HAS).16 HA has
a key role in the synovial fluid as its viscoelastic prop-
erties depend on the concentration and molecular weight
of HA and/or on the presence of other GAGs. A sche-
matic description of the explored degenerative joint
process is represented in Figure 1.

Nowadays, the principal approach of OA clinical
management is focused on the reduction of pain and
delay of degenerative processes but, the present
pharmacological agents have no long‐term effects and
are related to numerous adverse events.17 All
evidence‐based guidelines agree that the OA medical
treatment includes both nonpharmacological and
pharmacological treatment modalities, and moreover,
differences are observed on the choice of drugs to be
used and on the prioritization of the currently avail-
able medications.18 Intra‐articular injections of hya-
luronan gels are well accepted as treatment for
symptomatic OA but new medications are being de-
veloped. In particular, chondroitin sulfate (CS) is
widely used in the treatment of knee and hand OA.
The CONCEPT trial (ChONdroitin vs. CElecoxib vs.
Placebo Trial) a three‐arm study comparing chon-
droitin sulfate versus Celecoxib and placebo, showed
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that both active compounds had a major reduction of
pain versus placebo (p = 0.001 for pCS and p = 0.009
for celecoxib) and that there were no differences be-
tween celecoxib and chondroitin sulfate (p = 0.446).19

CS is a linear anion polysaccharide composed of
D‐glucuronic and N‐acetyl‐D‐galactosamine dis-
accharide units. Sulfation in various positions, de-
pending on the tissue and/or animal of origin,
provides CS with several biological effects such as
prompting wound repair, sustaining cellular growth,
and anti‐inflammatory activity.20,21 In fact, different
CS production and/or purification procedures could
address the OA disease progression either towards an
inhibition or stimulation of the catabolic pathways
inside the cartilage and may positively or negatively
impact collagen type II synthesis.22 Unsulfated
chondroitin, namely biotechnological chondroitin
(BC), has also been produced through a patented
biotechnological fermentative process.23 According to
previous studies,24 BC has shown superior anti‐
inflammatory, pro‐proliferative, and phenotype
maintenance properties compared with CS in an OA
in vitro model based on human chondrocytes (derived
by nasal septum). Furthermore, recent secretome
profiling showed similarities among CS and BC sy-
noviocytes treatments, and indicated that BC had a
more pronounced anti‐inflammatory activity.25 Thus,
considering the well‐explored effects of high

molecular weight hyaluronan (H‐HA)24,26,27and BC
features, the aim of this study was to investigate the
properties of new hybrid complexes based on H‐HA
together with BC (HHA/BC) compared with H‐HA
and BC by themselves in an OA in vitro model based
on human primary articular chondrocytes, as well as
on primary synoviocytes.

2 | MATERIALS AND METHODS

2.1 | Materials

High molecular weight hyaluronic acid (H‐HA 5052/1;
MW 1400 ± 200 kDa) was kindly donated by Altergon
(Altergon s.r.l.). This is a fermentative HA of high purity
(SHYALT®) derived from Streptococcus equi ssp. equi,
extensively purified up to pharmaceutical grade (e.g.,
purity > 95%, water content < 10%, EU/mg < 0.05 and
very low metal contents). pH and osmolality were mea-
sured to perform experiments in physiological conditions
(i.e., pH 7.0 ± 0.1; osmolality 300mOsm). BC was pro-
duced in our laboratories through fermentation with the
recombinant strain EcK4r3 and a well‐established pro-
tocol previously described.28 A 95 ± 5% pure BC (MW
35 ± 3 kDa) was obtained after several purification steps
and its endotoxin content was evaluated through the
Limulus test (EU/mg < 0.05). H‐HA 16mg/ml and BC

FIGURE 1 Schematic representation of the explored degenerative joint process and highlight of the selected biomarkers analyzed
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16mg/ml, were dissolved overnight in phosphate‐
buffered saline (PBS, pH 7.2, Lonza), in addition, a third
solution was obtained by contemporary dissolving of
240mg of HA and 160mg of BC in PBS with a final
volume of 10ml and the resulting solutions (i.e., H‐HA,
BC, and H‐HA/BC) were thermally treated (120°C for 12
min), to apply the same protocol assessed to obtain hy-
brid cooperative complexes of hyaluronans (HCCs).29

According to the protocols present in recent stu-
dies25,27both GAGs single formulations and were diluted
to a final concentration of 3.2 mg/ml in the culture
medium (Dulbecco's modified Eagle's medium [DMEM],
Gibco, Invitrogen).

2.2 | Cytokine evaluation through
Bioplex assay

The synovial fluids assessment of five OA affected patients
was obtained during surgical procedures via direct aspira-
tion through the joint capsule after skin incision. They were
centrifuged (1500 rpm, 7min), the supernatants were ali-
quoted and stored at −80°C until use. The presence of
specific pro‐inflammatory, anti‐inflammatory cytokines,
chemokines, and growth factors was assessed through a
27‐plex immunoassay panel. The same 27‐human cytokines
assay (Bio‐Rad Laboratories s.r.l.) was performed also to
evaluate the modulation of cytokines, chemokines and
growth factor expression levels both in chondrocytes and
synoviocytes after the specific treatment related to each of
them described in the next section. The Bio‐Plex cytokine
assay (Bio‐Rad Laboratories s.r.l.) was carried out following
the manufacturer's instructions using a Bio‐Plex array
reader (Luminex). Cytokines concentrations (pg/ml) were
established by using a standard curve according to the
manufacturer's protocol and each analyte was tested in
triplicate

2.3 | Histological analyses

In this experimental set‐up, two different specimens of car-
tilage from the same knee were provided for each patient;
one cartilage sample was obtained from the external (col-
lateral) cartilage that was considered as a less damaged area
and here used as healthy part/control (healthy control;
h‐CTRL). The other sample was obtained from a severely
damaged cartilage tissue of the same knee, specifically in the
medial area (pathological control; p‐CTRL). To confirm that
the “pathological” tissue specimen was indeed more
damaged than the “healthy” one, histological analyses were
performed according to the scale recently proposed by
Pritzker et al.30 Specifically, tissue specimens were fixed in

paraformaldehyde 4% v/v in PBS and then paraffin‐
embedded. 5 µm sections were obtained from paraffin blocks
of each sample. All sections were deparaffinized, hydrated,
and stained with Mayer's Hematoxylin solution (Sigma
Aldrich), for 5min at room temperature, washed in running
tap water for 10min, stained with 0.05% w/v Fast Green in
distilled water, rinsed in 1% v/v acetic acid and stained again
with 0.1% w/v Safranin O in distilled water for 5min. Sec-
tions were then dehydrated again and mounted using a re-
sinous medium. The intensity of Safranin‐O staining is
directly proportional to the proteoglycan content of the car-
tilage. The proteoglycan content is indicated by the orange‐
red color intensity of the extracellular matrix.

2.4 | In vitro cell cultures and H‐HA,
BC, and H‐HA/BC‐based treatments

Following the same experimental protocols previously es-
tablished in our laboratories,27,31 the knee cartilages and
synovium samples were obtained from three patients af-
fected from OA and that were subjected to joint replacement
at the Orthopedics and Traumatology Department of
University Federico II of Naples. All patients gave informed
consent, and all the procedures were allowed by Internal
Ethical Committee. Synoviocytes were isolated from the sy-
novial fluids obtained during surgical procedures. The ex-
perimental procedures followed to obtain primary in vitro
cultures and to confirm cell phenotype were described in a
previous paper from our group.27 The cells used for all the
experiments were at 2nd or 3rd passage of in vitro primary
culture. In particular, starting from the isolation, after
2–3 weeks of (in vitro) culture the chondrocytes were har-
vested with trypsin/EDTA 0.2mg/ml and re‐seeded into
12‐well tissue plates at about 5.0 × 104 cells/cm2. After
reaching 70%–80% of confluence, the cells were treated with
H‐HA (3.2mg/ml), BC (3.2mg/ml), and H‐HA/BC
(3.2mg/ml) for 48 h. The supernatants of treated and un-
treated cells were centrifuged (1500 rpm, 7min) to remove
cellular debris, and collected and stored at −80°C. Instead,
for the treatment of synoviocytes, the cellular starvation
procedures described by Calamia et al.32 were followed,
with only slight modifications. Specifically, we seeded
2.0 × 104 cells/cm2 into a 24‐well tissue plate, when 80% of
cells confluence was reached, we proceeded to the starvation
procedure. Therefore, the cells were washed with PBS to
remove serum components and were cultured in a medium
containing 0.5% of FBS for 24 h. Cells were next re‐washed
with PBS and cultured in serum‐free medium with or
without H‐HA (3.2mg/ml), BC (3.2mg/ml), and H‐HA/BC
(3.2mg/ml) for 8 h (short time s‐t) or 48 h (long time l‐t).
Finally, conditioned media were centrifuged (1500 rpm,
7min) and stored at −80°C.
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2.5 | Protein expression through
western blot analysis

To evaluate the expression level of COMP‐2, NF‐kB,
MyD88, and MMP‐13, western blot analysis (WB) was
performed as previously described.27 After the respective
treatments, chondrocytes and synoviocytes and their
controls (untreated cells), were lysed in radio‐
Immunoprecipitation Assays (RIPA buffer 1×; Cell Signal-
ing Technology). Protein concentrations were evaluated
using the Bradford method and 10 μg of intracellular
proteins were electrophoretically resolved on 12% sodium
dodecyl sulfate‐polyacrylamide gel electrophoresis. The se-
parated proteins were quickly transferred to a nitrocellulose
membrane (Amersham, UK) and successively blocked with
5% skimmed milk, Tris‐buffered saline and 0.05% Tween‐20
(TBST). Primary antibodies to detect COMP‐2 (rabbit
polyclonal ab231977, Abcam), NF‐kB (rabbit‐polyclonal sc‐
109, Santa Cruz Biotechnology), MyD88 (mouse mono-
clonal sc‐74532, Santa Cruz Biotechnology), and MMP‐13
(mouse monoclonal cs‐51528, Santa Cruz Biotechnology)
were used at 1:500 dilutions and were incubated for 2 h at
room temperature (RT). After extensive washing with
TBST, immunoreactive bands were detected by chemilu-
minescence using corresponding horseradish peroxidase‐
conjugated secondary antibodies (Santa cruz Biotechnol-
ogy), diluted 1:10,000 for 1 h at RT and reacted with an ECL
system (Millipore). Protein levels were normalized in re-
spect to the signal obtained with the anti‐Actin antibody
1:500 dilution (mouse‐monoclonal sc‐47778, Santa Cruz
Biotechnology). Quantitative changes in band intensities
were evaluated using the Gel Doc 2000 UV System ac-
cording to the manufacturer's protocols. WB analyses con-
cerning COMP‐2 and NF‐kB were performed on cells
isolated from 3 OA affected patients, MyD88 and MMP‐13
protein expression assessments were performed on patho-
logical chondrocytes isolated from two patients and all the
results were shown as mean± standard deviation (SD; WB
analysis concerning MyD88 and MMP‐13 performed on the
cells isolated from the second patient is showed as
Supplementary Materials S1).

2.6 | Synoviocyte proliferation in
presence of H‐HA, BC, or H‐HA/BC

Cells were harvested with trypsin/EDTA 0.2 mg/ml and
re‐seeded into a 24‐well tissue plate at a concentration of
about 1.0 × 104 cells/cm2. After 2 h the culture medium
was removed and replaced by either fresh medium alone
(pathological control; p‐CTRL), or medium containing
H‐HA (3.2 mg/ml), CB (3.2 mg/ml), or H‐HA/BC
(3.2 mg/ml). The synoviocytes were observed by an

inverted microscope (Leica Microsystem), the photos
were acquired by Time Lapse video microscopy station
(TLVM) and cell counting was performed using Image‐
Pro Plus 1.5 analysis software (Media Cybernetics) as
previously described.24

2.7 | Data analysis

Results are shown as mean ± SD of three individual as-
says. Statistical analysis was performed using Student's
t‐test. Values were considered statistically significant
when p values were less than 0.01 or 0.05.

3 | RESULTS

3.1 | Characterization of synovial fluids
from OA patients by Bio‐Plex assay

A Bio‐Plex assay was performed to evaluate the profile of 27
analytes, namely, pro‐inflammatory cytokines, anti‐
inflammatory, chemokines, and growth factors in knee sy-
novial fluids obtained from five patients undergoing surgical
replacement due to OA. Our results were compared to the
data available in the literature with respect to biological
mediators in synovial fluids of healthy donors.10,33–36 The
complete secretion pattern of soluble biological inter-
mediaries is reported in Table 1. An increase of the principal
pro‐inflammatory mediators can be seen in the samples from
OA patients, in particular, for IL‐6 (2008.75± 160.86 pg/ml
vs. 64± 120 pg/ml), IL‐8 (162± 5.65 pg/ml vs. 25±
29 pg/ml), IL‐15 (132.75± 8.13 pg/ml vs. 9.9 ± 6.0), and IL‐17
(144.5± 9.19 pg/ml vs. 0 pg/ml).

3.2 | Histological analyses

Safranin‐O‐fast green staining was performed to confirm
that the macroscore obtained during the surgical proce-
dure was correct. In this context, we analyzed the carti-
lage coming from two different OA affected patients and
the results are presented in Figure 2. Specifically,
Figure 2C,D showed that the pieces considered “more
damaged” presented a less intense color confirming a
lower content of proteoglycans and discontinuity at the
superficial zone with respect to the “healthy” tissue
specimens. These latter, presented in Figure 2A,B de-
monstrated to have an intact superficial zone, an intense
red/orange color and several cell clusters. The staining
data well matched with the major involvement of the
medial cartilage derived specimen by the osteoarthritis
process in comparison to the collateral one.
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3.3 | Protein expression in human OA
chondrocytes: WB analyses

WB analyses showed higher levels of NF‐kB and
COMP‐2 in p‐CTRL as compared to h‐CTRL (p< 0.05;
Figure 3A,B). After 48 h of hyaluronan and chondroitin
based treatments, the expression of both markers de-
creased with respect to p‐CTRL. H‐HA and BC reduced
significantly NF‐kB expression levels (p< 0.05) by about
1.72 and 1.86 fold, respectively (Figure 3B). Similar re-
sults on COMP‐2 protein expression were obtained when
cells were treated with H‐HA and BC (expression re-
duced by 1.36 and 1.31 fold, respectively) compared with
p‐CTRL (Figure 3B). The hybrid complexes H‐HA/BC
showed an anti‐inflammatory effect, decreasing by about
2.21 fold NF‐kB expression, and by about 1.45 fold
COMP‐2 protein level with respect to p‐CTRL. Moreover,
the effect of BC on the expression of two other OA‐
related biomarkers, namely MyD88 and MMP‐13, was
also evaluated on pathological chondrocytes. As shown
in Figure 3C,D, all treatments reduced MyD88 and MMP‐
13 protein levels with respect to p‐CTRL (Figure 3C,D).
In particular, averaging the results obtained from dif-
ferent two samples, H‐HA and BC resulted in slightly
decreasing the MMP‐13 expression level by about
15%–17%, respectively. Also, MyD88 expression showed
similar trends. Specifically, in chondrocytes treated with
H‐HA 1.27 fold reduction was observed, whereas on BC
treated samples, a 1.56 fold‐decrease was found.
H‐HA/BC resulted in the largest reduction in comparison
to p‐CTRL, namely, 28% for MMP‐13 (p< 0.05) and 1.88
fold for MyD88 protein expression (Figure 3D).

3.4 | Bio‐Plex assay performed on
chondrocytes

To evaluate how hyaluronan and chondroitin based
treatments affected secreted biological mediators in OA
chondrocytes, a multiplex assay was performed on cell
cultures supernatants. The amount (pg/ml) of 27 soluble
analytes, involving pro‐inflammatory and anti‐
inflammatory cytokines, chemokines, and growth fac-
tors, was evaluated. All the reported biological factors
were significantly (p< 0.05) upregulated in p‐CTRL in
comparison with h‐CTRL. In the present work, we de-
scribed those showing significant changes (p< 0.05)
with respect to p‐CTRL. As shown in Figure 4A,B, BC
was more effective than H‐HA in the modulation of all
pro‐inflammatory biomarkers except for IL‐6 and IL‐12,
for which the two treatments proved comparable.

TABLE 1 Bio‐Plex assay: Assessment of 27 biological
mediators present in five OA affected patients synovial fluids

(A) Pro‐inflammatory
Cytokines (pg/ml)

Healthy
samples OA samples

IL‐1β 1 ± 2* 25 ± 2.42

IL‐1Ra 0 ± 6.9^ 25.5 ± 2.12

IL‐2 0§ 35 ± 2.82

IL‐5 0* 7 ± 0.70

IL‐6 64 ± 120* 2008.8 ± 160.86

IL‐7 0§ 19 ± 0.80

IL‐9 0* 76.3 ± 2.47

IL‐12 p70 4.8 ± 1.7^ 147 ± 19.79

IL‐13 1 ± 2* 21.5 ± 0.70

IL‐15 9.9 ± 6.6^ 123.8 ± 8.13

IL‐17 0** 144.5 ± 9.19

INF‐γ 47 ± 17* 17.5 ± 0.79

TNF‐α 0* 25 ± 0.24

(B) Anti‐inflammatory
cytokines (pg/ml)

Healthy
samples OA samples

IL‐4 0* 17 ± 1.41

IL‐10 1 ± 6* 51.8 ± 2.47

(C) Chemokynes
(pg/ml) Healthy samples OA samples

IL‐8 25 ± 29* 162 ± 5.65

Eotaxin 14.6 ± 39.6^ 74.3 ± 1.06

IP‐10 302.1 ± 280.8^ 862.5 ± 16.26

MCAF 4.8 ± 0^ 41.5 ± 1.12

MIP‐1a 5.2 ± 0.4^ 41.5 ± 2.12

MIP‐1b 9.6 ± 2.4^ 170.5 ± 2.12

RANTES 15.6 ± 28.1^ 86.5 ± 10.60

(D) Growth factors
(pg/ml) Healthy samples OA samples

G‐CSF 34.8 ± 1.51^ 25.3 ± 1.06

GM‐CSF 0§ 83 ± 4.24

FGFbasic 37.2 ± 70.4^ 30 ± 1.41

PDGF‐bb 43.2 ± 42.9^ 17.3 ± 0.35

VEGF 19 ± 11* 757.8 ± 34.29

Note: The results are reported as the average of values for each mediator
(pg/ml) evaluated in every sample compared to healthy fluids. The healthy
fluids values were extrapolated by the different published research studies:
*Tsuchida et al.10; **Chen et al.34; §Teunis et al.36; ^Beekhuizen et al.33

Abbreviations: IL, interleukin; INF, interferon; MCAF, monocyte
chemotactic and activating factor; OA, osteoarthtritis; TNF‐α, tumor
necrosis factor α.
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The table in Figure 4C reports the pro‐inflammatory
cytokine downregulation of at least 30% compared with
p‐CTRL for each treatment. H‐HA/BC was the most ef-
fective treatment, specifically for IL‐6, IL‐7, INF‐γ, IL1β,
IL‐5, and TNF‐α (∼23, 7.6, 7, 5.7, 5.3, and 5.12 fold re-
duction, respectively). In addition, BC and H‐HA/BC‐
based gels reduced the level of IL‐4 and IL‐10 (anti‐
inflammatory cytokines) compared to p‐CTRL, resulting
in levels that were similar to h‐CTRL (Figure 5A). As
shown in Figure 5B, GAGs based complexes also reduced
the levels of chemokines most efficiently, in particular of
IL‐8 and MCAF (respectively ∼9 and 22 fold reduction
with respect to p‐CTRL). Finally, compared to H‐HA, BC
robustly affected the production of MIP‐1a, MIP‐1b, and
RANTES. In summary, all analyzed growth factors were
mostly decreased by H‐HA/BC with respect to treatments
with single components, even if used at the same final
concentration in the medium (Figure 5C).

3.5 | Human synoviocytes proliferation
assay

The proliferation assay (Figure 6) showed that both H‐
HA and BC stimulated cell proliferation improved cell

viability with respect to p‐CTRL already after 24 h.
However, also, in this case, H‐HA/BC demonstrated an
improvement compared to single formulations. In fact,
the growth curves related to this treatment showed that
after 96 h the cell number increased by about 73 ± 6% in
respect to the initial condition. H‐HA and BC enhanced
the cell density by about 61 ± 4 and 67 ± 3%, respectively,
while p‐CTRL only showed a 52 ± 4% increase.

3.6 | Protein expression in human OA
synoviocytes: WB analyses

As shown in Figure 7A,B, after 48 h of treatment in a
culture serum‐free medium, H‐HA/BC reduced the ex-
pression of both COMP‐2 and NF‐kB, resulting in the
most efficient treatment. In fact, a twofold decrease of
NF‐kB expression was obtained with H‐HA/BC, in
comparison with p‐CTRL, whereas minor changes were
induced by H‐HA and BC separately (1.28 and 1.42 fold,
respectively; Figure 7B). Similar behavior was observed
for the modulation of COMP‐2 protein expression
(decrease by about 1.48 fold with respect to p‐CTRL,
Figure 7B). Instead, H‐HA and BC treatments affected
COMP‐2 expression only slightly.

FIGURE 2 Histological analyses: Microscopic evaluation of Safranin‐O/Fast Green Staining. Histologic sections were observed under
light microscopy at low magnification: ×4 (A and C) and ×10 (B and D). Panel A and B are representative of less damaged tissue while C and
D represent a more compromised sampling area
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3.7 | Bio‐Plex assay performed on
synoviocytes

From the assessment of 27 biological mediators' production
(pg/ml) in pathological synoviocytes treated with H‐HA,
BC, or H‐HA/BC in serum‐free medium for s‐t and/or l‐t,
we selected only those significantly (p< 0.05) modulated
with respect to p‐CTRL. After s‐t treatment, H‐HA/BC was
the most effective in the reduction of pro‐inflammatory
cytokines, the table in the Figure 7B shows the pro‐
inflammatory cytokine negative modulations of at least 30%
with respect to p‐CTRL for each treatment. In particular,
IL‐6 was downregulated by H‐HA/BC of about 4.62 fold in
comparison to p‐CTRL. It is noteworthy that BC by itself
reduced IL‐1ra more than H‐HA and H‐HA/BC
(Figure 8A). As shown in Figure 9A,B, also following l‐t
treatment, the most relevant downregulation in H‐HA/BC

cells treated was observed for IL‐6 (7.8 fold vs. p‐CTRL) but
BC further reduced this biomarker (13.8 fold vs. p‐CTRL).
The chemokines resulting modulated both after s‐t and l‐t
treatment were IL‐8 and MCAF. In this context, it is
interesting to highlight that IL‐8 was mostly reduced by
H‐HA/BC‐based gels (6.4 fold vs. p‐CTRL) after s‐t treat-
ment in comparison to H‐HA and BC (4.1 and 2.5 fold
correspondingly vs. p‐CTRL). Instead, after l‐t, BC proved
the most effective treatment reducing IL‐8 secretion
(21.6 fold reduction vs p‐CTRL), with respect to 4.5 and
13.5 fold in H‐HA and BC treated cells, respectively. In
respect to MCAF modulation, H‐HA/BC had a major effect
in comparison with the two GAGs separately for both
treatment times (Figures 8C and 9C). Concerning the
growth factors, the secretion of three out five of them were
modulated by GAGs and complexes after s‐t and l‐t treat-
ment; the specific values are reported in Figures 8D and 9D.

FIGURE 3 Western blot analysis: evaluation of COMP‐2, NF‐kB, MMP‐13, and MyD88 protein levels in primary articular chondrocytes
treated for 48 h with H‐HA, BC, and H‐HA/CB 0.32% w/v. (A) Specifics bands obtained for COMP‐2, NF‐kB, and ACTIN. (B) Densitometric
analysis performed normalizing COMP‐2 and NF‐kB protein expression with respect to ACTIN. (C) One of the western blots run is reported
for MMP‐13, MyD88, and ACTIN. (D) Densitometric analysis was performed for two different western blot experiments normalizing
MMP‐13 and MyD88 protein expression with respect to ACTIN. *p< 0.05 t‐test analyses were performed to compare the significance of each
treatment with respect to p‐CTRL. BC, biotechnological chondroitin; COMP‐2, cartilage oligomeric matrix protein 2; H‐HA, high molecular
weight hyaluronan; h‐CTRL, healthy control; p‐CTRL, pathological control; MyD88, cytosolic adaptor myeloid differentiation factor 88;
MMP‐13, matrix metalloproteases; NF‐kB, nuclear factor kappa‐light‐chain‐enhancer of activated B cells
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FIGURE 4 Bio‐Plex assay: Evaluation of biological
mediator modulation in supernatants (pg/ml), of
chondrocytes treated for 48 h with H‐HA, BC, or H‐HA/BC
0.32% w/v. (A) and (B) Pro‐inflammatory cytokines, (C) the
table shows the pro‐inflammatory cytokine negative
modulations of at least 30% with respect to p‐CTRL for each
treatment. *p< 0.05 t‐test analyses were performed to
compare the significance of each treatment with respect to
p‐CTRL. BC, biotechnological chondroitin; H‐HA, high
molecular weight hyaluronan; h‐CTRL, healthy control;
IL, interleukin; INF, interferon; p‐CTRL, pathological control;
TNF‐α: Tumor necrosis factor α
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FIGURE 5 Bio‐Plex assay: (A)
Anti‐inflammatory cytokines, (B) chemokines,
(C) growth factors. *p< .05 t‐test analyses were
performed to compare the significance of each
treatment with respect to p‐CTRL.
BC, biotechnological chondroitin; H‐HA, high
molecular weight hyaluronan; h‐CTRL, healthy
control; IL, interleukin; p‐CTRL, pathological
control; MCAF, monocyte chemotactic and
activating factor
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4 | DISCUSSION

According to the latest scientific and medical knowledge,
the role of inflammation is very important in driving OA
onset and progression. It has been accepted that OA is
based on a multifaceted process and that a complex sig-
naling network is involved.37 For this reason, a multi-
directional approach is considered to treat symptomatic
OA.17 Updated treatments in the field of OA manage-
ment are based on the use of GAGs, administered per os
and/or by intra‐articular injections.12,38

Starting from the evidence that GAGs compounds
can target different aspects of OA, in this experimental
set‐up, we explored the properties and anti‐inflammatory
effects of innovative gels based on H‐HA and BC, invol-
ving BC features mentioned above, coupled to H‐HA
bioactivity effects and viscoelastic properties.

In this study, 27 soluble mediators related to OA
progression were quantified in the synovial fluids of five
OA affected patients. The results are in line with pre-
viously published scientific reports. In fact, the analyzed
samples presented an imbalanced production of pro and
anti‐inflammatory biological intermediaries with respect
to the values reported in the literature (for each of them)
for synovial fluids of healthy donors.10,33–36 In particular,
we revealed a remarkable increase of IL‐6, IL‐15, and
IL‐17 that are reported in the literature as being directly
involved in the OA inflammatory process.39 Due to their
role, it has been described that an anti‐cytokine therapy
may be helpful in the OA management, reducing its
progression and restoring a healthy environment.39 For
this reason, we evaluated the production level of
OA‐related cytokines and chemokines in pathological
chondrocytes and synoviocytes treated with GAGs.

FIGURE 6 Human synoviocytes
proliferation assay H‐HA/BC were compared
with the single H‐HA, BC, and no treated cells
(p‐CTRL) on cell proliferation. Cells growth
curves were obtained through Image‐Pro Plus
1.5 software (Media Cybernetics). BC,
biotechnological chondroitin; H‐HA, high
molecular weight hyaluronan;
p‐CTRL, pathological control

FIGURE 7 Western blot analysis evaluation of COMP‐2 and NF‐kB protein levels in synoviocytes treated for 48 h with H‐HA, BC, and
H‐HA/CB 0.32% w/v. (A) Specific bands obtained for COMP‐2, NF‐kB, and ACTIN. (B) Densitometric analysis performed normalizing
COMP‐2 and NF‐kB protein expression with respect to ACTIN. *p< 0.05 t‐test analyses were performed to compare the significance of each
treatment with respect to p‐CTRL. BC, biotechnological chondroitin; COMP‐2, cartilage oligomeric matrix protein 2; H‐HA, high molecular
weight hyaluronan; p‐CTRL, pathological control; NF‐kB, nuclear factor kappa‐light‐chain‐enhancer of activated B cells
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In this context, HHA/BC gels down‐regulate 24 and
11 different biological mediators in chondrocyte and in
synoviocyte cultures, respectively, thus supporting the
effectiveness of combining H‐HA and BC. However, also
H‐HA and BC alone reduced the secretion of several
biological analytes in the same models, with BC being
more effective than hyaluronan. In addition, it is inter-
esting to highlight that IL‐1β, IL‐6, IL‐8, and MCAF,
which are strongly related to the inflammatory response,
were reduced by all treatments.8,40,41 To mimic the OA
catabolic and inflammatory process, several studies have
been based on the use of articular cells in vitro chal-
lenged with IL‐1β or IL‐17.4,24,42 Instead, according to
our previous experimental studies,25,27 we used an in
vitro model exploiting articular cells isolated from OA
affected patients, already presenting an ongoing in-
flammatory process. It was therefore possible to obtain
conditions that more closely resemble OA pathological

onset, as compared with other in vitro models. However,
it is clear that further in vivo and clinical studies are
needed to evaluate the effectiveness of the GAGs based
gels in complex systems with more variables. In fact, the
limitations of in vitro studies are mainly related to the
lack of crosstalk among different tissues in the joints.
However, for the first time, unsulfated biotechnological
chondroitin was tested on human damaged chon-
drocytes. BC, similarly to HA, affected key OA bio-
markers, and this study aimed to understand through
which molecular signaling pathway BC can act. Ac-
cording to Tak and Firestein,43 NF‐kB enhances the pro‐
inflammatory process, and this biomarker, as well as
COMP‐2, was overexpressed in OA patients.44,45 Our data
highlighted the fact that BC can modulate NF‐kB,
whereas hybrid H‐HA/BC complexes more effectively
reduced NF‐kB and COMP‐2, compared with single
treatments, in both cellular models used. In fact, for the

FIGURE 8 Bio‐Plex assay: evaluation of biological mediators modulation in supernatants (pg/ml), of synoviocytes treated for 8 h with
H‐HA, BC, or H‐HA/BC 0.32% w/v in free serum culture media. (A) Pro‐inflammatory cytokines, (B) the table shows the pro‐inflammatory
cytokine negative modulations of at least 30% with respect to p‐CTRL for each treatment, (C) chemokines, and (D) growth factors. *p< 0.05
t‐test analyses were performed to compare the significance of each treatment with respect to p‐CTRL. BC, biotechnological chondroitin;
H‐HA, high molecular weight hyaluronan; IL, interleukin; p‐CTRL, pathological control; MCAF, monocyte chemotactic and activating factor
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same cells, we found a significant reduction of the main
OA related mediators. IL‐1β and TNF‐α are also related
to OA progression prompting chondrocytes to release
MMPs. Furthermore, MyD88 promotes the expression of
NF‐kB‐dependent genes (including MMPs).46,47 In this
experimental work, these two biomarkers were quanti-
fied in human primary chondrocytes cultures (two do-
nors) eventually treated with the GAGs formulations.
The results of the experiments showed a reduction of
MMP‐13 and MyD88 levels induced by both H‐HA and
BC separately, suggesting that besides the well‐known
HA bioactivity, the novel BC exerts an effect on key
biomarkers of the OA process. However, also, in this
case, the H‐HA/BC complex reduced more efficiently the
expression of these two biomarkers.

In fact, Stellavato et al.24 on primary human nasal
chondrocytes and Russo et al.25 on knee joint

synoviocytes and their collaborators reported about
BC bioactivity on multiples biomarkers. Nevertheless,
further studies are needed to unravel which is the
main receptor/ligand through which BC exerts its
action at the molecular level. This further investiga-
tion could help in better assessing the signaling
pathway responsible for BC and H‐HA/BC bioactivity,
and robust data should be based on more donors for
primary chondrocytes isolation. Finally, we have
presented preliminary new evidence that not only H‐
HA but also the new BC has fundamental properties
in OA treatment and interestingly, these biomolecules
seem, from these first set of experiments, to present a
synergic effect. In fact, considering all the experi-
ments performed, H‐HA/BC complexes were more
performant than the single additions of linear H‐HA
and BC. In conclusion, H‐HA, BC, and even more

FIGURE 9 Bio‐Plex assay: evaluation of biological mediators modulation in supernatants (pg/ml), of synoviocytes treated for 48 h with
H‐HA, BC, or H‐HA/BC 0.32% w/v in free serum culture media. (A) Pro‐inflammatory cytokines, (B) the table shows the pro‐inflammatory
cytokine negative modulations of at least 30% with respect to p‐CTRL for each treatment, (C) chemokines, and (D) growth factors. *p< 0.05
t‐test analyses were performed to compare the significance of each treatment with respect to p‐CTRL. BC, biotechnological chondroitin;
H‐HA, high molecular weight hyaluronan; IL, interleukin; p‐CTRL, pathological control; MCAF, monocyte chemotactic and activating factor
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valuable H‐HA/BC gels may be considered as pro-
mising treatments to reduce key inflammation med-
iators in human synoviocytes and chondrocytes, and
thus they may be potentially included within sup-
portive OA symptomatic treatments in the early pa-
thological phases, according to the major
guidelines.48‐51
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