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ABSTRACT

Introduction: Oral supplementation of chon-
droitin sulfate (CS) and glucosamine (GlcN),
symptomatic slow-acting molecules, is recom-
mended by European Society for Clinical and
Economic Aspects of Osteoporosis and
Osteoarthritis and Musculoskeletal Diseases
(ESCEO) and other European Union (EU)
guidelines for the restoration of the articular
cartilage surface in patients affected by
osteoarthritis (OA). They are commercialized as
pharmaceutical grade products and as food
supplements in combination with plant extracts
hyaluronic acid, methylsulfonylmethane, and

other components. Food supplements do not
need to undergo the strict regulatory controls of
pharmaceutical grade products; thus, composi-
tion and contaminants that could be present
may not be evidenced before commercialization
and these uncertainties may give rise to con-
cerns about the bioactivity of these
formulations.
Methods: In this paper 10 different food sup-
plements (FS) from diverse European countries
were analyzed in comparison with two phar-
maceutical grade products (Ph) using updated
analytical approaches and biochemical cell-
based assays. The purity, the titer, and the ori-
gin of CS in Ph and FS samples were initially
assessed in order to successively compare the
biological function. Both food supplements and
pharmaceutical formulations were tested
in vitro, using the same final CS concentration,
on primary chondrocytes and synoviocytes in
terms of (i) cell viability, (ii) activation of the
NF-jB-mediated inflammation pathway, (iii)
cartilage oligomeric matrix protein (COMP-2),
IL-6, and IL-8 production.
Results: All the FS presented a certain insoluble
fraction; the CS and the GlcN contents were
lower than the declared ones in 9/10 and 8/10
samples, respectively. All FS contained keratan
sulfate (KS) at up to 50% of the total gly-
cosaminoglycan amount declared on the label.
Primary cells treated with the samples diluted to
present the same CS concentration in the
medium showed cytotoxicity in 7/10 FS while
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Ph preserved viability and reduced NF-jB,
COMP-2, and secreted inflammatory cytokines.
Conclusion: Among all samples tested, the
pharmaceutical grade products demonstrated
effectivemodulation of biomarkers counteracting
the inflammation status and improving viability
and the physiological condition of OA human
primary chondrocyte and synoviocyte cells. In
contrast to that, most FS were cytotoxic at the
tested concentrations, and only 3/10 of them
showed similarities toPh sample behavior in vitro.
Funding: This work was partially supported by
PON01_1226 NUTRAFAST, MIUR Ministero
dell’Università e della Ricerca Scientifica. Bio-
teknet financed two short-term grants for grad-
uate technicians. The journal’s Rapid Service
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INTRODUCTION

Osteoarthritis (OA) is essentially a debilitating
musculoskeletal disease with a high public health

impact. Also known as degenerative joint disease,
OA is characterized by a progressive loss of articular
cartilage in synovial joints [1]. The major conse-
quence is several functional limitations such as
joint stiffness, and it is associated with inflamma-
tion of the synovial membrane. In fact, the
importance of synovitis in OA progression has
gradually been recognized [2]. It is estimated that
this pathology affects 40million Europeans and 30
million Americans over the age of 50 and it is
expected to increase byup to35%with the agingof
the population [3]. The pathogenesis of OA starts
with a mechanical overloading of the articular
joints, cartilage degradation, joint space narrow-
ing, and loss of cartilage and synovial fluids, and
thus bone degradation [3, 4]. Specific mediators
produced during OA can directly act on cartilage
and on multiple signaling pathways activating
other key inflammatory molecules [4]. In fact, the
nuclear factor kappa-light-chain-enhancer of acti-
vated B cell (NF-jB) pathway is associated with OA
pathophysiology [4, 5], prompting the expression
of the inflammatory mediators (Fig. 1). These
include interleukin-1 beta (IL-1b), tumor necrosis
factor alpha (TNF-a), interleukin-6 (IL-6), inter-
leukin-8 (IL-8), cyclooxygenase-2 (COX2),
chemokines, and colony-stimulating factors [6, 7].

Current OA pharmacological therapy is
directed at the prevention of pain and the
improvement of function. Standard treatments

Fig. 1 Schematic view of the experimental setup
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mainly include a combination of pharmacolog-
ical and non-pharmacological methods, like
physical exercises, physiotherapy, weight loss,
etc. The first choice has been pharmacological
therapy with analgesics or non-steroidal anti-
inflammatory drugs (NSAIDs) essentially direc-
ted towards the prevention and the control of
pain and the improvement of motility function
in patients affected by OA [8]. However, numer-
ous studies reported that the prolonged use of
NSAIDs could cause adverse effects in the gas-
trointestinal and cardiovascular systems. For this
reason—and bearing in mind that the patient
treatment is prolonged for years—the need has
developed for new therapeutic targets for OA
treatment that could relieve pain and potentially
reduce the damage. As an alternative to NSAIDs,
chondroitin sulfate (CS) and glucosamine
(GlcN),which are natural extractive compounds,
have been adopted [9, 10] since the 1990s and

recently recommended in the European Society
for Clinical and Economic Aspects of Osteo-
porosis and Osteoarthritis and Musculoskeletal
Diseases (ESCEO) algorithm as preferential
treatments at the initial stage of OA. Several
clinical trials have reported the efficacy of CS and
GlcN in delaying joint damage, in pain reduc-
tion, and in improving articular mobility in
patients with OA. Unlike NSAIDs, prescription
CS and/or GlcN drugs are able to delay the pro-
gression of the pathology or eventually reverse
morphological changes in joint structure besides
working as Symptomatic Slow-Acting Drugs for
OA (SySADOAs) and Disease-Modifying
OsteoArthritis Drugs (DMOADs) [11]. The rec-
ommended daily dosages for CS are between 800
and 1200 mg while the daily dosages for GlcN
range from1250 to 1500 mg (Table 1). At present
they are recommended by the European League
Against Rheumatism (EULAR) and ESCEO as

Table 1 Chondroitin sulfate and glucosamine origin, structure, and suggested posology
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GlcN Mw = 215 Da

Biological role The CS is a glycosaminoglycan (GAG) found in the

extracellular matrix of the animal cartilaginous

tissues

In the human body the GlcN is produced as

precursor of glycosylated lipids and proteins,

GAGs, and proteoglycans

Origin CS is manufactured by extraction and purification

from the animal cartilaginous tissues of shark fins,

bovine and chicken trachea, or pig muzzle

GlcN is manufactured from chitin of crustacean

shells by both alkaline or acid hydrolysis or by de

novo chemical synthesis, and it is generally sold as

glucosamine hydrochloride or glucosamine sulfate

salts [9]

Recommended

daily dosage

800–1200 mg 1250–1500 mg
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SySADOAs for the treatment of knee, hand, or
hip osteoarthritis, providing pain relief and
increasing joint mobility [12, 13]. Numerous
food supplements containing CS and/or GlcN
are on the market and they are becoming an
increasingly popular alternative approach to
prescription drugs especially among those
patients who prefer non-pharmacological treat-
ment options. However, there is still an unsolved
problem related to the quantitative and qualita-
tive control of CS and GlcN contained in food
supplements and nutraceuticals [14–16].

In the absence of any mandatory analytical
controls from European Medicines Agency (Eur.
Pharmacopeia) and of other specific national/
international regulatory rules or of specific
industrial guidelines, each manufacturer has
been able to establish its own analytical proce-
dures for the determination of chondroitin
sulfate and glucosamine identity, content, and
purity in food supplements [19–22]. Recent
papers have also demonstrated that keratan
sulfate (KS), which is another component of
animal articular cartilaginous tissue, may be
extracted along with the CS, thus contaminat-
ing it [23]. Because of the structural similarities,
and the superimposable size of CS and KS
biopolymers, the selective removal of this
macromolecule is challenging [24–26]. It is of
great scientific interest for the assessment of
analytical strategies to fully characterize food
supplement purity, with the specific target of
finding a correlation between structural char-
acteristic and biological activity using in vitro
models [27]. In fact, robust data, generated in
well-assessed models, may better permit the
critical analysis of the clinical scientific litera-
ture to ascertain the validity of the guidelines
on a strong scientific basis. Often the SySADOAs
have been regarded as ‘‘questionable’’ products
with controversial clinical outcomes. However,
it was pointed out that the variability in the
beneficial effects in patients with OA is strongly
reduced, ascertaining effectiveness of CS-based
treatments, when referring to pharmaceutical
grade products [28].

In this study, 10 FS commercialized in eight
different European countries were extensively
analyzed and compared to pharmaceutical CS

with a specifically assessed experimental design
on three human primary cell models.

METHODS

This article is not based on in vivo studies, on
either animals or humans. However, the cells
used were obtained by digestion of joint/carti-
lage tissues harvested from surgical procedures
on human participants. The pieces would have
been wasted and, as part of a collaboration
scheme, these were used instead to set up in vitro
models used in this experimental research pro-
ject. The protocol was approved by the ethical
committee of the University (AOU-SUN) (proto-
col registration No. 0003711/2015 of the 16/05/
2015; study title ‘‘Glicosamminoglicani e/o
derivati biotecnologici utili alla rigenerazione
tessutale’’). Informed consent was obtained from
all participants involved in this study.

Reagents

Sodium nitrate, sodium acetate, N-acetylgalac-
tosamine, glucosamine, galactose, and glu-
curonic acid were from Sigma–Aldrich (USA).
The NaOH solution was from J.T. Baker
(Netherlands). The hydrochloric acid was from
Carlo Erba (Italy). The medium and the
enzymes used in the biological experiments for
cell cultures were from Gibco, Invitrogen (USA),
unless otherwise specified. The 10 food supple-
ments (FS), containing both CS and GlcN, and
the two pharmaceuticals (Ph), containing only
CS, that were from different European countries
and companies, were either purchased or
obtained as test/gift samples. Cell culture
reagents and enzymes used in the biological
experiments were from Gibco, Invitrogen
(USA), unless otherwise specified.

Analytical Evaluation: Structural
Characterization and Composition

A single dose of FS (one capsule or tablet) was
dissolved in 20 ml of MilliQ water, in triplicate,
placed and stirred at 300 rpm, at room temper-
ature for 6 h and then left overnight to
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sediment. The next day, the samples were
photographed and then centrifuged at
6500 rpm for 30 min (Avanti J20-XP, Beckman
Coulter, USA) to separate the supernatants from
the insoluble fractions which were then dried
under vacuum at 40 �C for 24 h (Binder GmbH,
Germany) and weighed. The insoluble solid
weight values were calculated as a ratio of the
weight of the insoluble portion of the sample to
the total dry weight, as a percentage. The
supernatants were filtered on 0.22-lm filters
(Millipore, France) and the protein content was
determined according to the Bradford method
[29], following a protocol previously described
[23].

Chromatographic Profiles by Strong Anion
Exchange (SAX) Chromatography

Each sample (one capsule or tablet) was dis-
solved in 20 ml of buffer A (20 mM sodium
acetate, 0.5 M sodium chloride, pH 7.4), cen-
trifuged at 6500 rpm for 30 min (Avanti J20-XP,
Beckman Coulter, USA), and the supernatant
was separated from the insoluble portion. For
each sample, 2 ml of the supernatant were
microfiltered on 0.22-lm filters (Millipore,
France) and loaded on an anion-exchange col-
umn (HiPrep Q Sepharose 16/10 HP, GE
Healthcare, Milan, Italy) connected to an ÄKTA
purifier system (GE Healthcare, Milan, Italy),
previously equilibrated with buffer A. Samples
were then eluted with buffer B (20 mM sodium
acetate, 3.0 M sodium chloride, pH 7.4) apply-
ing a linear gradient. The chromatograms were
obtained by recording a signal at 215 nm and
the peak areas were used to calculate the rep-
resentativeness of each peak in each sample as
the percentage ratio of the area of the single
peak divided by the sum of the areas of all the
peaks present in the chromatograms [23]. Pie
charts were created by using these instances of
representativeness.

HPAE-PAD Analyses

Determination of the CS and GlcN contents of
the sample supernatants and of their eventual
KS contamination was performed by high-

performance anion-exchange chromatography
(HPAE-PAD) analysis on the basis of the
monosaccharide composition, according to a
previously reported method [23]. The CS con-
tent was determined after a hydrolytic proce-
dure on the supernatants as previously
described [23]; the GlcN monosaccharide con-
tent was determined after ultrafiltering the
sample supernatants on 3-kDa membranes,
according to a previously reported protocol
[23, 26] and analyzing the permeate fractions.
The retentate fraction that contained the CS
and the eventual KS was hydrolyzed and ana-
lyzed as well. Quantitative analyses were based
on determination of the GalNAc concentration
for the CS content, of the free GlcN concentra-
tion for the GlcN monosaccharide content, or
of the bound GlcN concentration for the KS
contamination.

Biological Activity

Bioactivity of food supplements in comparison
to CS pharmaceutical-based products was
assayed using three different cellular models:
(I) chondrocytes isolated from nasoseptal carti-
lage of healthy human patients and exposed to
IL-1b (10 ng/mL) in order to mimic in vitro
inflammatory conditions [30, 31]; (II) articular
chondrocytes; and (III) synoviocytes that were
isolated from knee cartilage and synovial fluid
of patients affected by OA who underwent a
joint replacement surgical procedure at the
Orthopedics and Traumatology Department of
the Federico II University of Naples, as previ-
ously reported [32].

Isolation and Culture of Cartilage
Chondrocytes and Knee Joint
Synoviocytes

1st Model
Nasoseptal cartilage was obtained from surgical
procedures on functional respiratory airways.
Patients did not present cartilage alteration
(e.g., OA, etc.). The protocol assessed in our lab
was previously reported [30]. Briefly, minced
cartilage was digested using an enzymatic solu-
tion (collagenase type I at 3 mg/ml and dispase
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at 4 mg/ml), diluted in PBS, and gentamicin
0.2 mg/ml (Hospira, IL, USA) at a temperature of
37 �C on a shaking plate overnight. The cells
were separated from undigested pieces through
a sterile filter (70 lm, BD Biosciences Bedford,
USA) and the cellular suspension was cen-
trifuged at 1500 rpm for 7 min (Eppendorf
Centrifuge, Milan, Italy). Cells were then
washed with PBS, re-centrifuged, and re-sus-
pended in DMEM supplemented with fetal
bovine serum (FBS, 10%). Fluorescence-acti-
vated cell sorting (FACS) analyses were per-
formed to characterize the cell phenotype [30].

2nd and 3rd Models
In particular, two different kinds of cartilage from
the same knee were obtained: a piece of intact
cartilaginous tissue that represents the healthy
part and was considered the control (healthy
control), while the other samples were harvested
from damaged cartilage tissue of the same knee
(pathological control). Serum (FBS) (10% v/v),
penicillin–streptomycin (1% v/v), and ampho-
tericin B (1% v/v) (Lonza, Basel, Switzerland).

Digestion was accomplished following the
same protocol describe above, and previously
published [32]. The cells were seeded in a
35-mm tissue culture well and maintained at
37 �C in a humidified atmosphere with 5% v/v
CO2. Synoviocyte cells were isolated from the
synovial fluid. Specifically, synovial fluid sam-
ples were centrifuged, the supernatant was
removed, and the pellet was washed with PBS.
The derived cells were seeded, after characteri-
zation using flow cytometry according to the
previously reported protocol [32, 33].

Cell Viability Assay

All three models described above were used for a
viability assay in the presence of the FS and Ph
products. Trypan blue exclusion assay was used
to discriminate viable cells from non-viable
ones; 2 9 104 cells were seeded in 12-well plates
(BD Falcon, USA) to obtain a consistent mono-
layer. In particular, after 48 h of incubation the
culture medium was removed and then replaced
by either fresh medium alone (control), or
medium containing the food supplements or

the pharmaceutical grade chondroitin sulfate
samples. All the samples (FS1, FS2, FS3, FS4, FS5,
FS6, FS7, FS8, FS9, FS10, Ph1, and Ph2) were
tested at the same CS concentration (4 mg/mL).
After 48 h, cells were harvested with trypsin,
centrifuged, and stained with trypan blue
(Sigma Aldrich, Milan, Italy) following the
manufacturer’s instructions. Viable cells (not
colored) and dead cells (blue) were counted by
using a Bürker chamber from two different
independent observers. Cell viability (%) was
expressed as the number of viable cells/the
number of total cells 9 100.

Quantification of IL-6 and IL-8 Production
Using ELISA

Cell supernatants were collected after 48 h of
treatment, centrifuged (3000 rpm for 10 min at
4 �C), and analyzed to quantify IL-6 and IL-8
production. The cytokines were assayed using
an ELISA (Boster Biological Technology
Pleasanton, USA). Each experiment was per-
formed in triplicate and cytokine amounts were
determined using a microplate reader (Biorad
laboratories, Milan, Italy). The analytic con-
centrations were calculated using a standard
curve according to the manufacturer’s instruc-
tions and as previously reported [33].

Protein Extraction and Western Blot
Analyses

The cells’ intracellular total protein content was
extracted in the radioimmunoprecipitation
assay (RIPA buffer) (19) (Cell Signaling Tech-
nology, USA). Protein concentration was deter-
mined using the Bradford method (Biorad
Laboratories, Milan, Italy) and 5 lg of proteins
was separated by means of sodium dodecyl
sulfate polyacrylamide gel electrophoresis,
transferred onto nitrocellulose membranes
(Millipore, Bedford, MA), and blocked with 5%
skimmed milk in Tris-buffered saline with
Tween 20 (TBST). The membranes were incu-
bated with primary antibodies to detect COMP-
2 (Abcam, Cambridge, UK) and NF-jB (Santa
Cruz Biotechnology, CA, USA) both used at
1:500 dilutions and incubated overnight at 4 �C.
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After washing with TBST, immunolabeling
bands were detected by the chemiluminescence
detection system using corresponding horse-
radish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology, CAUSA),
diluted 1:10,000 for 1 h at room temperature
and reacted with an ECL system (Merck Milli-
pore, Darmstadt Germany). Protein levels were
normalized with respect to the signal obtained
with an anti-actin antibody 1:500 dilution
(Santa Cruz Biotechnology, CA, USA). The semi-
quantitative analyses of protein levels were
carried out using the Gel Doc 2000 UV System
(Biorad laboratories, Milan, Italy) according to
the manufacturer’s protocols and previously
reported [32, 33].

RESULTS

Insoluble Solid Determination and Protein
Content Analyses

As can be seen from Table 2, Ph and FS samples
look very different in terms of color, trans-
parency, and sediment. In fact, FS solubility is
lower than that of analyzed Ph products. The
latter showed transparent rather than colored
solutions while FS suspensions were yellow-or-
ange colored and opaque (photo in Table 2).
The 10 FS samples were analyzed to evaluate the
protein content. In sample FS1 the quantity of
proteins found is 3.9% of the declared value.
The presence of proteins was identified in three
of the five FS samples (Table 2) even if not
clearly stated on the labels.

Chromatographic Profiles by SAX
Chromatography

The chromatographic profiles of the FS samples
obtained by SAX chromatography were used to
create a pie chart in which the percentage ratio
of the area of every single peak divided by the
sum of all the peak areas was reported (Fig. 2).
Generally three families of peaks were visible in
the chromatograms: the unretained (UR) peak
containing the species not bound to the sta-
tionary phase, the chondroitin sulfate (CS) peak,

and the other component peaks (OC). A repre-
sentative chromatogram is shown in Fig. 2. As
visible in the graphs (Fig. 2), in Ph1 and Ph2
samples the CS peak had a percentage area
higher than 80% while among the FS samples
only FS5 showed a CS peak higher than 60%.
The others showed lower CS percentages with
the lowest value of 3.1% being in the case of FS7.

CS, GlcN Content, and KS Contamination
by HPAE-PAD Analyses

The CS and GlcN contents in the food supple-
ments and the eventual residual KS contami-
nation were determined by HPAE-PAD analyses
and data were compared with the pharmaceu-
tical grade samples. The CS content in the food
supplements was lower than the declared con-
tent in nine samples out of 10, with differences
ranging from 5.0 to 145.6 mg (Table 2); the
GlcN content was lower the declared contents
in eight samples out of 10 with differences
ranging from 3.0 to 130.4 mg (Table 2). All the
samples were contaminated with KS in the
range from 11.7% to 47.9% of the total amount
of GAGs present (Table 2). The pharmaceutical
grade samples showed a CS content consistent
with the declared content and a KS contami-
nation of 2.0% maximum (Table 2).

Biological Activity

First Model: Nasal Chondrocytes
Cell Viability Food supplements were assayed
on IL-1b-challenged nasal chondrocytes
[29, 32]. Cell viability was slightly reduced in
the presence of IL-1b (65%) with respect to
control. Ph1 and Ph2 particularly improved
viability and among the FS tested only three
(FS2, FS3, and FS6) supported growth. Specifi-
cally, the percentage of viable cells found for all
three was in the range 60–70%, with respect to
untreated cells (CTR) (Fig. 3a).

Cytokine Quantification: IL-6 and IL-8 Protein
Expression in Cell Supernatants Results
showed that, as expected, IL-1b treatment
increased both IL-6 and IL-8 level by about 2.5-
fold and 1.6-fold, respectively, with respect to
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CTR. Beside, Ph1 and Ph2 significantly reduced
IL-6 expression by 5-fold and 4.5-fold, respec-
tively, with respect to IL-1b challenged cells.
Among FS samples only the three that proved
not to be cytotoxic at the concentrations tested
showed their efficacy as anti-inflammatory
agents. In fact, FS2, FS3, and FS6 reduced IL-6
production with respect to IL-1b treatments
(Fig. 3b). For IL-8, both pharmaceutical prod-
ucts, Ph1 and Ph2, reduced production by 2.4-
fold and 9.8-fold, respectively. Among food
supplement samples, FS6 was not able to reduce
IL-8 expression, whereas FS2 and FS3 reduced
IL-8 by about fivefold with respect to the nega-
tive control (Fig. 3b).

Second Model: Articular chondrocytes
Cell Viability Cell viability was lower for pri-
mary chondrocytes (Fig. 4a) isolated from very
damaged joint cartilage of patients with OA
(pCTR) with respect to the ones isolated from
less damaged parts (considered as healthy). Ph1
and Ph2 improved the condition, with 65–75%
of counted viable cells. Among the FS tested,
only three (FS2, FS3, and FS6) proved not

detrimental to cell growth, providing at least
65% of viable cells as reported in Fig. 4b.

Cytokine Quantification: IL-6 and IL-8 Protein
Expression in Cell Supernatants Results of
ELISAs (Fig. 4c) showed that IL-6 of pCTR was
increased with respect to the healthy one as
expected. Ph1 and Ph2 both reduced this mar-
ker by about twofold. Among the three FS
selected, FS2 does not show any effect but FS3
prompted a 1.7-fold reduction with respect to
pCTR while FS6 reduces IL-6 by 1.2-fold. Con-
cerning IL-8 expression, data showed that only
Ph1 and Ph2 reduced this marker level with
respect to pCTR by about 2.5-fold and 1.5-fold,
respectively. In contrast, the food supplements
showed a negative modulation of this
biomarker.

COMP-2 and NF-jB Protein Expression: Wes-
tern Blotting Experiments The cells obtained
from damaged cartilage (pCTR) expressed
higher levels of the pro-inflammatory protein
NF-jB and COMP-2 than hCTRL, as evidenced
by western blotting analyses (Fig. 4d). After 48 h

Fig. 2 a FS4 strong anion exchange chromatography
profiles: in blue, absorbance at 215 nm; in red, at
280 nm. b Graphs obtained from the ratios of the peak
areas at 215 nm: UR unretained peak, OC other compo-
nent peak, CS chondroitin sulfate peak. UR peak may

contain non-sulfated CS, KS, and/or other components;
OC peaks may contain glucosamine, proteoglycans, and
keratin sulfate (in the last peak); CS peak contains
chondroitin sulfate as reported by [23]
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of treatment both with pharmaceutical prod-
ucts (Ph1 and Ph2) and food supplements, NF-
jB and COMP-2 protein expression decreased.
In particular, Ph1 and Ph2 showed a 1.3-fold
and 1.5-fold reduction of NF-jB expression in
comparison to pCTR, respectively. However,
among the three FS that were not cytotoxic, FS3
was also able to reduce NF-jB expression by
about 1.6-fold. Furthermore, as shown in
Fig. 4d, Ph1 and Ph2 also slightly reduced the
expression of COMP-2 by about 1.3-fold and
1.2-fold, respectively, with respect to pCTR.
Among FS, FS6 reduced COMP-2 expression by
1.5-fold with respect to p-CTR.

Third Model: Synoviocytes
Cell Viability The synoviocyte cell (Fig. 5a)
based model does not have a healthy control

since the cells are isolated from a population that
is consistent with the pathological OA condition
(membrane and fluid in the OA-affected joint).
Cell viability (Fig. 5b) is about 65 ± 7%after 48 h
for the pCTR, as expected. Ph1 and Ph2 treat-
ments improved viability by up to 85%. Among
FS tested, the cell viability percentage for FS5 is
about 20%, while for FS6 it is about 65%. Results
for FS2 and FS3 were better, with percentage of
viable cells of about 80 ± 10% for both.

Cytokine Quantification: IL-6 and IL-8 Protein
Expression in Cell Supernatants In synovio-
cyte cells, IL-6 production (Fig. 5c) is signifi-
cantly reduced in the presence of Ph2 by about
35-fold with respect to pCTR. However, Ph1 is
also able to counteract cytokine production,
specifically by 2.2-fold with respect to pCTR.
Concerning food supplements, only the sam-
ples that reduce cell viability were considered
for IL-6 quantification. In particular, FS2
reduced IL-6 production by about 1.6-fold with
respect to pCTR; FS6 reduced IL-6 production by
2.2-fold, and FS3 reduced IL-6 production by
about 30-fold.

Concerning IL-8, Ph2 proved the most
effective but all the FS-treated samples afforded
IL-8 concentrations not significantly modulated
with respect to pathological control.

COMP-2 and NF-jb Protein Expression: Wes-
tern Blotting Experiments We evaluated the
modulation of the same biomarkers for the third
implemented model. In this context the
obtained cells were regarded as being subject to
an ongoing inflammatory process. After 48 h of

Fig. 3 a Nasal chondrocyte cell viability using trypan blue
staining. b IL-6 and IL-8 cytokine quantification using
ELISA. T test analyses (*p\ 0.01) were performed to
compare the significance of both pharmaceutical grade
chondroitin sulfate samples and food supplements on IL-6
and IL-8 production by nasal chondrocytes with respect to
IL-1b-treated cells

cFig. 4 Biological activity on articular chondrocytes. a Cell
picture panel in the presence of food supplements and
pharmaceutical grade products versus healthy and patho-
logical CTR. b Cell viability using trypan blue staining.
c IL-6 and IL-8 cytokine quantification through ELISA.
d Western blotting analyses of NF-jB and COMP-2
versus actin housekeeping protein normalization. T test
analyses (*p\ 0.01) were performed to compare the
significance of both pharmaceutical grade CS samples
and food supplements on IL-6 and IL-8 production, on
NF-jB and COMP-2 protein expression by articular
chondrocytes with respect to pathological non-treated cells
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treatment, Ph2 was more effective than Ph1
with a slightly better reduction in NF-jB
expression (Fig. 5d). Also the food supplements
decreased NF-jB protein levels compared to
pCTR, in particular FS3 with a reduction by
about 1.2-fold. Instead, COMP-2 levels were
reduced withmore efficacy by Ph2, FS2, and FS3;
respectively by about 1.3-, 1.5-, and 1.6-fold.

Statistical Analysis The data are presented as
the mean ± SD. When there was no variability
in the values for a group, a one-sample t test was
used to compare the group mean to that value;
otherwise a two-sample t test was used to com-
pare group means. p\0.01 was considered sig-
nificant in each of the comparative analyses.

DISCUSSION

The biological activity of CS and GlcN food
supplements could greatly vary according to
their quantity and purity [13, 14], the structural
heterogeneity of the CS (e.g., different molec-
ular weight, mixed origin, bound proteins), and
moreover the presence of other components,
contaminants, or adulterants [22, 23]. To fill the
gap caused by the absence of any specific offi-
cial indication, in this study a systematic
approach was designed to analyze at the
chemical, biochemical, and biological level 10
European FS samples, in comparison with two
pharmaceutical grade products. Compared to
Ph grade CS-based products, most of the FS
samples proved to have high insoluble portions,
probably due to the presence of plant extract

residues. Results showed that 7/10 FS presented
insolubles higher than 25% of the total dry
weight. The analyses of FS chromatographic
profiles showed the presence of many species in
the samples, especially unretained molecules,
and highlighted a very low representativeness
of CS main peaks compared to pharmaceutical
grade samples. This may be ascribed to less
standardized and less robust (validated) manu-
facturing processes. A recently developed
method exploiting high-performance anion-
exchange chromatography was used to deter-
mine both the CS and GlcN contents and to
quantify the KS contamination. In the majority
of the analyzed European food supplements,
the CS and GlcN contents were lower than the
declared contents (in 9/10 and 7/10, respec-
tively), with over half of them presenting dif-
ferences higher than 10% [24, 27]. Following
the analytical characterization, the samples of
both Ph and FS were compared for their bio-
logical activity by using three human primary
cell models: (a) the first based on chondrocytes
isolated from nasal cartilage and exposed to IL-
1b to mimic osteoarthritis in vitro conditions
[30, 31]; (b) the second using articular chon-
drocytes; and (c) the third based on synovio-
cytes isolated from knee cartilage and synovial
fluid of OA-affected patients, respectively [32].
The human primary cell models were already
used in our laboratory for previous experiments
aimed at evaluating the biological activity of
different sourced CS [30, 33].

Synovial cell cultures exposed to lipopolysac-
charide treatment, instead, were reported in the
literature as a model to study the protective and
anti-inflammatory effects of HA alone or in
combination with CS and GlcN [34, 35]. In addi-
tion, through the NF-jB activation and IL-8 pro-
duction, the synovial cells have been used to
evaluate the anti-inflammatory response of food
supplements with other potentially bioactive
molecules (e.g., HA, collagen peptides, Boswellia
serrata, devil’s claw, or curcumin). Specifically,
NF-jB is a signaling molecule known to play an
important role in the regulation of inflammatory
mediators involved in the pathogenesis of OA
[36]. We therefore assessed this biomarker in the
pathological primary cells, after treatment with
Ph and/or FS products, finding a significant

bFig. 5 Biological activity on synoviocytes. a Cell picture
panel in the presence of food supplements and pharma-
ceutical grade products versus pathological CTR. b Cell
viability using trypan blue staining. c IL-6 and IL-8
cytokine quantification through ELISA. d Western blot-
ting analyses of NF-jB and COMP-2 versus actin
housekeeping protein normalization. T test analyses
(*p\ 0.01) were performed to compare the significance
of both pharmaceutical grade CS samples and food
supplements on IL-6 and IL-8 production, on NF-jB
and COMP-2 protein expression by synoviocytes with
respect to pathological non-treated cells
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decrease in Ph1- and Ph2-treated cells, while only
one of the FS showed a similar positive behavior.
Also, COMP-2 is strictly related to OA as a diag-
nostic and prognostic indicator of the disease
severity and the effect of treatment [33]. The data
from this experimental research clearly indicated
that the lower control on the FS compositiondoes
not support their biological efficacy. Specifically,
among 10 FS tested only three do not negatively
affect cell viability and showed efficacy on the
reduction of pro-inflammatory cytokines (e.g., IL-
6 and IL-8) and on the expression of NF-jB and
COMP-2. On the other hand, the pharmaceutical
grade products, Ph1 and Ph2, proved to have a
very good biological activity. In particular, they
sustain cell viability in pathological models and
are able to reduce IL-6 and IL-8 production and
also to modulate NF-jB and COMP-2 expression,
proving that they have anti-inflammatory prop-
erties. Among the food supplements tested only
FS2 and FS3 proved to be not cytotoxic for all the
three cell-based models, while FS5 and FS6
reduced viability of nasal and articular chondro-
cytes. FS3 proved to be the best among the FS in
terms of quality and bioactivity. In fact, it reduced
IL-6 expression in all three cellular models
investigated, but decreased IL-8 amounts only in
nasal chondrocytes and synoviocytes. In vitro
comparative analyses may improve knowledge
on themechanismof action, and also suggest that
the diverse in vivo outcome, often reported in the
scientific literature, may probably be related to
the different product quality administered to
patients [37]. In fact, compared to the pharma-
ceutical grade products, FS contained low quality
CS, highly contaminated by keratan sulfate, and
CS of multiple origins that was often present
[23, 27].

Apart from data reported in the literature, all
these additional analytical data perfectly match
with the biological assay outcomes. Pharma-
ceutical grade products proved to be biologi-
cally active in all the proposed cellular models,
while only three of the 10 screened food sup-
plements presented appropriate biological
activity. Specifically Ph products significantly
reduced the secreted inflammatory cytokines,
through the NF-jB pathway also significantly
reducing COMP-2, considered a biomarker for
negative prognosis on OA progression. These

results support the ESCEO recommendation to
use, among all chondroitin products available,
the pharmaceutical grade prescription chon-
droitin products, for which the evidence base is
unequivocal [38].

Limitations of the Current Study

The main limitation is due to the evaluation of
bioactivity in in vitro models, which resemble
the in vivo pathology but are not completely
equivalent to a whole organism (animal,
humans). In fact, in vitro tests are only one part
of the global picture and pharmacokinet-
ics–pharmacodynamics studies as well as the
demonstration of a clinical equivalence/non-
inferiority would also be of great interest [38]. In
addition, the FS studies were from European
countries so corresponding American and Asian
products should be analyzed for a global view of
the market situation, and the benefit/risk ratio
for patients.

CONCLUSIONS

In this paper a systematic assessment of 10 CS-
and GlcN-based food supplements commer-
cialized throughout European countries was
performed and compared to pharmaceutical CS.
The results indicated that most of them do not
perfectly match the descriptions reported on
the labels in that they present lower CS and
GlcN contents. On the other hand, Ph-based
products were consistent in purity and titer.
Addition of Ph samples elicited beneficial effects
at multiple levels in the three human primary
cell models tested in vitro. In contrast, a
minority of FS assayed were able to sustain cell
viability and to reduce inflammation. These
results may help researchers and clinicians to
improve knowledge and understanding when
analyzing and interpreting clinical outcomes in
scientific reports. In general, on the basis of
these data, only a small percentage of FS prod-
ucts containing CS might have similar biologi-
cal properties to pharmaceutical grade CS. Most
FS containing CS are of uncertain quality with
equivocal efficacy and doubtful safety in the
treatment of OA.
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