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Introduction

Cetylated fatty acids are a group of naturally occurring fats 
of plant and/or animal origin that include cetyl myristole-
ate, cetyl myristate, cetyl palmitoleate, cetyl laureate, cetyl 
palmitate, and cetyl oleate. Among the aforementioned 
compounds, cetyl myristoleate was initially involved in 
osteoarthritis (OA)-related research as Diehl and May1 had 
demonstrated in 1994 that its therapeutic administration 
prevented experimentally induced arthritis in Swiss Albino 
mice. Although many products containing this compound 
are now available, the mechanism of its action is still not 
fully elucidated. Cetylated fatty acids are also used for 
other types of arthritis including rheumatoid arthritis, 
osteoarthritis, and ankylosing spondylitis or for autoim-
mune diseases like: multiple sclerosis, Sjogren’s syndrome, 
and systemic lupus.
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Abstract
Objective. Cetylated fatty acids are a group of naturally occurring fats of plant and/or animal origin. Cetyl myristoleate, in 
particular, was initially involved in osteoarthritis related research as its therapeutic administration prevented experimentally 
induced arthritis in Swiss Albino mice. In this context, the aim of our study was to investigate the possible mechanisms 
of Celadrin cetylated fatty acids action at the cellular level inflammation related pain relief and chondrogenesis. Design. 
For this, we tested the effects of the cetylated fatty acids mixture from Celadrin on an in vitro scaffold-free 3-dimensional 
mesenchymal stem cells culture model of chondrogenesis. Furthermore, we treated stimulated mouse macrophage cells 
with the cetylated fatty acids mixture to investigate the expression profile of secreted inflammatory cytokines. Results. 
The cetylated fatty acids mixture from Celadrin significantly decreased the production of IL-6, MCP-1, and TNF, key 
regulators of the inflammatory process, in stimulated RAW264.7 mouse macrophage cells. The treatment with cetylated 
fatty acids mixture initiated and propagated the process of chondrogenesis as demonstrated by the increased expression 
and deposition of chondrogenic markers by the differentiating mesenchymal cells. Conclusion. The cetylated fatty acids 
mixture from Celadrin reduces inflammation in vitro by significantly decreasing the expression of IL-6, MCP-1, and TNF in 
stimulated RAW264.7 mouse macrophage cells. These compounds facilitate the chondrogenic differentiation process of 
human adipose-derived stem cells by stimulating the expression of chondrogenic markers under chondrogenic induction 
conditions.
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Typically, osteoarthritis (OA), a disease of diarthrodial 
joints, affects the hands, hips, and knees. OA is a signifi-
cantly impairing condition because of its chronic character 
and the resulting pain and lower extremity disability it 
inflicts on the patient.2 Importantly, as OA is the most prev-
alent of all arthritis forms, and not fully treatable by avail-
able therapeutic options, it represents a significant unmet 
medical need.3,4 Therefore, continuing efforts are being 
made for developing therapies able to attenuate disease pro-
gression and alleviate symptoms. Among risk factors for 
OA occurrence, one may mention genetic factors, joint inju-
ries, and overweight.5 Traditionally, OA was defined as a 
typical “degenerative” joint disease, with joint dysfunction 
stemming from cartilage degeneration and bone transfor-
mation due to formation of osteophytes, largely initiated by 
mechanical stress and ageing. However, research directed at 
OA pathophysiology showed that OA patients display grad-
ual alterations at the joint cartilage, the synovium, subchon-
dral bone, ligaments, as well as peri-articular muscles both 
at the cell and molecule level.5 Indeed, new factors have 
lately been added to OA pathogenesis, such as the signifi-
cant role of inflammatory mechanisms and, more specifi-
cally, to synovitis,6 which has been associated to OA 
progression.7 Thus, the histological findings determined in 
correlation to OA synovitis typically consist of synovial lin-
ing hyperplasia, infiltration of macrophages and lympho-
cytes, neo-angiogenesis, and fibrosis.8 The inflammatory 
cell infiltration leads to secreting cytokines and chemo-
kines6,9 to the synovial fluid, including interleukin (IL)-1, 
IL-6, tumor necrosis factor (TNF)-α, other common γ-chain 
cytokines (IL-2, IL-7, IL-15, and IL-21, etc.), which trigger 
the response from chondrocytes, synovial and other joint 
cells. Furthermore, a direct correlation between pain and 
OA-associated synovitis has been established in various 
studies.10,11 It seems, therefore, that inflammatory cytokines 
in OA affected joints may act on innervating pseudo-unipo-
lar nociceptors in the joint and thus have direct contribution 
to generation of pain. Moreover, initial OA pathogenesis is 
correlated to cartilage extracellular matrix (ECM) remodel-
ling which paves the way for subsequent cartilage tissue 
degradation.12 Indeed, the changes of ECM constitution are 
closely correlated to pathologies of the skeletal system.13

Nonsteroidal anti-inflammatory drugs (NSAIDs), 
including COX-2 inhibitors are commonly used treatments 
for OA.14 However, NSAIDs were determined to have 
short-term effects15 whereas their long-term utilization is 
correlated to substantial morbidity.16 Consequently, patients 
with OA could benefit from alternatives with improved 
long-term performance and decreased side effects. Recently, 
several products containing cetyl myristoleate oil claim to 
alleviate OA-associated symptoms, but further investiga-
tion of the efficacy of these products needs to be performed. 
Moreover, the European Food Safety Authority (EFSA) 
published a scientific opinion regarding the safety of cetyl 

myristoleate complex as a food ingredient. This report sum-
marizes that performed studies exhibit limitations and that 
potential toxicological effects of cetyl myristoleate have not 
been fully evaluated, concluding that the safety of “cetyl 
myristoleate complex” has not been established.17

Celadrin is a patented18 combination of cetylated, esteri-
fied fatty acids containing cetyl myristoleate, cetyl 
myristate, cetyl palmitoleate, cetyl laureate, cetyl palmitate, 
and cetyl oleate extracted from plant-based source, with oils 
including palm, palm kernel, olive, nutmeg, coconut, and 
unsaturated vegetable oils. This dietary supplement is 
believed to work in a similar way to the essential fatty acids 
from fish oil, enhancing the cell membranes integrity and 
reducing inflammation. Hence Celadrin is considered to aid 
joint mobility and flexibility by reducing pain induced by 
inflammation.19,20 Several clinical studies have shown that 
Celadrin is supportive to the lubrication of affected 
joints.21,22 reduces the production of IL-6 and controls the 
expression of TNF-α responsible for inflammation.23

In this context, the aim of our study was to investigate 
the possible mechanisms of Celadrin cetylated fatty acids 
action at the cellular level on joint mobility improvement 
and inflammation related pain relief. For this, we tested the 
effects of the cetylated fatty acids mixture from Celadrin on 
an in vitro scaffold-free 3-dimensional (3D) stem cells cul-
ture model of chondrogenesis. Furthermore, we treated 
stimulated mouse macrophage cells with cetylated fatty 
acids mixture from Celadrin to investigate the expression 
profile of secreted inflammatory cytokines.

Methods

Cell Culture Models

Adipose-Derived Stem Cells for Chondrogenic Process Investiga-
tion.  Human adipose-derived stem cells (hADSCs) (Stem-
Pro Human Adipose-Derived Stem Cells, ThermoFisher) 
were used in this study as the chondrogenic differentiation 
process model. After defrosting, the cells were propagated 
under standard culture conditions (37°C, humidified atmo-
sphere and 5% CO

2
) in Dulbecco’s modified Eagle medium 

(DMEM) containing 4.5 g glucose and supplemented with 
1.5 g of NaHCO

3
, 1% antibiotic-antifungal solution, and 

10% heat-inactivated fetal bovine serum (FBS).
To investigate the potential effects of cetylated fatty 

acids mixture from Celadrin on the chondrogenic process, 
we developed a scaffold-free 3D culture system that opti-
mally mimics the naturally occurring cartilage micro-
medium in vitro. Thus, 3D multicellular aggregates, further 
referred to as spheroids, were generated using the AggreWell 
plates (StemCells Technology) and following the manufac-
turer’s instructions. Briefly, 2.25 × 106 cells/well were 
seeded in order to obtain spheroids of 7.5 × 103 cells after 4 
days of culture in DMEM culture medium containing 4.5 g 
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glucose and supplemented with 1.5 g of NaHCO
3
, 1% anti-

biotic-antifungal solution, and 10% FBS.

RAW264.7 Mouse Macrophage Cells for Inflammation Profile 
Investigation.  To investigate the anti-inflammatory potential 
of the cetylated fatty acids mixture from Celadrin, mouse 
macrophages belonging to the RAW264.7 cell line (Ameri-
can Type Culture Collection (ATCC), Manassas, VA, USA, 
TIB-71) were used. According to the manufacturer’s data-
sheet, these cells display typical monocyte morphology. For 
culture propagation, the cells were cultured in DMEM con-
taining 4.5 g glucose and supplemented with 1.5 g of 
NaHCO

3
, 1% antibiotic-antifungal solution, and 10% FBS 

in sterile culture flasks of 25 cm2 and 75 cm2. The cells were 
incubated at 37°C, in a humidified atmosphere and 5% CO

2
.

Preparation of Cetylated Fatty Acids Mixture 
from Celadrin Emulsion and Dose Screening

The content of the Celadrin capsules was found to be insol-
uble in any solvent at a nontoxic concentration and conse-
quently it was formulated by Virun (Pomona, CA, USA) 
into a 25% oil in water emulsion, which was further used in 
our studies. To determine the optimum working concentra-
tion, we performed a dose screening experiment on both 
hADSCs and RAW264.7 cells using the MTT cell viability 
assay. For this, we seeded both cell types at an initial cell 
density of 1.5 × 104 cells/cm2 and after 24 hours of culture, 
we treated the monolayers with cetylated fatty acids mix-
ture from Celadrin in concentrations ranging from 1 to 0.01 
mg/mL. An untreated sample was kept as experimental 
control for each cell type and the treatments were main-
tained for 24 hours. To determine cell viability, the mono-
layers were incubated for 4 hours with 1 mg/mL MTT 
solution and the formazan crystals that appeared were solu-
bilized in isopropanol. The optic density of the resulting 
solution was determined at FlexStation III spectrophotom-
eter (Molecular Devices) at 550 nm as a direct measure of 
cell viability.

In vitro hADSCs Chondrogenic Differentiation

hADSCs are undifferentiated cells isolated from subcutane-
ous adipose tissue and have the potential to differentiate 
into several mesenchymal cell types, including adipo-
cytes,24 chondrocytes,25 and osteoblasts.26 In our study, we 
experimentally induced chondrogenesis by exposing the 4 
days developed hADSCs spheroids to chondrogenic induc-
tion medium (StemPro Chondrogenesis Differentiation Kit, 
ThermoFisher).

Cetylated Fatty Acids Mixture from Celadrin Treatment and 
Experimental Design.  To evaluate the chondrogenic process 
under the treatment with cetylated fatty acids mixture from 

Celadrin, the hADSCs spheroids were split in 2 groups. 
The first group was exposed during 21 days to chondro-
genic induction medium and served as experimental con-
trol, while the second group of hADSCs spheroids was 
incubated for the same period with chondrogenic induction 
medium supplemented with 0.7 mg/mL cetylated fatty 
acids mixture from Celadrin. The efficiency and the 
dynamics of our in vitro induced chondrogenic process 
were evaluated during the experimental period of 3 weeks 
by investigating the expression of the following proteins: 
Sox-9, collagen, aggrecan, and syndecan-3 as well as gly-
cosaminoglycan (chondroitin sulfate, keratan sulfate) 
chondrogenic markers.

Immunofluorescence Microscopy.  Immunofluorescence 
microscopy was used to evaluate the initial (T

0
) as well as 

weekly (T
1-3

) expression of the aforementioned chondro-
genic markers. For this purpose, at each time point the 
hADSCs spheroids were fixed with 4% paraformalde-
hyde (PFA) solution overnight at 4°C and then the cell 
membranes were permeabilized with 2% bovine serum 
albumin (BSA) and 0.1% Triton X100 for 2 hours at room 
temperature. Next, the hADSCs spheroids were incubated 
overnight at 4°C in the following primary antibodies 
solutions: anti-Sox-9, anti-aggrecan, anti-chondroitin sul-
fate, anti-col2a, anti-keratan sulfate, and anti-syndecan-3. 
After a wash step, the hADSCs spheroids were incubated 
for 1 hour at room temperature with FITC (fluorescein) 
and TRITC (tetramethyl-rhodamine) conjugated second-
ary antibodies and then the nuclei were labeled with DAPI 
(4′,6-diamidino-2-phenylindole) at room temperature. 
The samples were inspected under an inverted micro-
scope with fluorescence modulus (Olympus IX73). 
Images were captured using the CellSense Imaging Soft-
ware (Olympus, Hamburg, Germany).

In Vitro Investigation of the Inflammatory 
Profile

RAW264.7 mouse macrophage cell line is traditionally 
used to simulate the inflammation process in vitro as these 
cells secrete inflammatory cytokines after stimulation 
with bacterial lipopolysaccharides (LPS). To investigate 
the inflammation profile, the RAW264.7 cells were seeded 
at an initial cell density of 1.5 × 104 cells/cm2 and main-
tained in standard conditions of culture for 24-hour prior 
treatments.

Treatments and Experimental Design.  The anti-inflammatory 
potential of the cetylated fatty acids mixture from Celadrin 
was investigated in comparison with SAID and NSAID. For 
this purpose, all the RAW264.7 samples were concomi-
tantly exposed to 1 µg/mL LPS and one of the following 
treatments: 1 mM ibuprofen, 0.5 mM prednisone, 0.5 mM 
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piroxicam, and 0.7 mg/mL cetylated fatty acids mixture. A 
positive control was prepared by exposing the RAW264.7 
cells only to the stimulation of the LPS treatment. After 3 
hours (T

1
) and 24 hours (T

2
) of treatment, the cell culture 

media was collected and further analyzed.

Flow Cytometry Investigation of Inflammatory Cytokines Expres-
sion Profiles.  The inflammation profile of treated versus 
untreated samples was investigated by flow cytometry 
using a bead based multiplex assay (BD CBA Inflammation 
Kit) designed for the analysis of the following cytokines 
protein levels: IL-6, IL-10, monocyte chemoattractant pro-
tein–1 (MCP-1), interferon-γ (IFN-γ), TNF, and IL-12p70. 
For this purpose, 50 µL of T

1
 and T

2
 harvested culture media 

were incubated for 2 hours at room temperature and dark-
ness with 50 µL of the cytokines mixed Capture Beads and 
50 µL Inflammation PE Detection Reagent. After a wash 
step, all samples were analyzed in a Gallios (Beckman 
Coulter) flow cytometer using Gallios Software (Beckman 
Coulter) for sample acquisition and Kaluza 1.5 Software 
(Beckman Coulter) for data analysis.

Statistical Analysis

The spectrophotometric data were analyzed and interpreted 
using the GraphPad Prism Software. Data are presented as 
the average of 3 replicates (mean ± standard deviation) and 
the statistical analysis was performed using one-way analy-
sis of variance Bonferroni test.

The inflammatory cytokines profiles were obtained after 
the analysis of the samples acquired in triplicate using a 
Beckman Coulter Gallios (Beckman Coulter) flow cytom-
eter and the Gallios Software. The data files generated were 
further analysed for median distribution of the fluorescence 
intensity using Kaluza 1.5 Software. The graphical repre-
sentation and statistical analysis was performed using 
GraphPad Prism Software.

Results

Cetylated Fatty Acids Mixture from Celadrin 
Working Dose Determination

Both hADSCs and RAW264.7 cells were treated with 10 
dilutions of the 25% oil in water emulsion obtained from 
Celadrin capsules in order to determine the proper working 
dose. The MTT test was employed to evaluate cell viability 
after 24 hours of treatment with concentrations ranging from 
1 to 0.01 mg/mL cetylated fatty acids mixture. Our results on 
the hADSCs model show that the treatment with 1, 0.9, and 
0.8 mg/mL cetylated fatty acids mixture slightly decreased 
all cells viability compared to the untreated sample, whereas 
the concentration of 0.7 mg/mL did not affect these cells 
viability (Fig. 1). On the other hand, the treatment with 0.3 

mg/mL cetylated fatty acids mixture from Celadrin induced 
a significant increase in cell viability (P < 0.05) as compared 
with the untreated sample. Lower concentrations induced a 
slight viability stimulation in both cell types, with no statisti-
cal significance (P > 0.05) (Fig. 1). Consequently, we 
decided to use in our treatments the concentration of 0.7 mg/
mL cetylated fatty acids mixture.

Chondrogenic Differentiation Process Under the 
Treatment with Cetylated Fatty Acids Mixture 
from Celadrin

The chondrogenic differentiation of the hADSCs in 3D 
scaffold free culture systems was evaluated after the induc-
tion with chondrogenic culture medium in the presence and 
absence of cetylated fatty acids mixture (0.7 mg/mL). The 
expression profiles of Sox-9, aggrecan, chondroitin sulfate, 
keratan sulfate, collagen, and syndecan-3 respective chon-
drogenic markers were investigated weekly, during 21 days, 
by fluorescence microscopy.

As presented in Figure 2, immunofluorescence analysis 
showed that the chondrogenic process was successfully 
induced in our experimental model as all the markers inves-
tigated displayed a positive expression. Furthermore, we 
observed that the treatment with 0.7 mg/mL cetylated fatty 
acids mixture mediated the expression of the chondrogenic 
process. Thus, as demonstrated in Figure 2, Sox-9, the mas-
ter transcription factor of chondrogenesis, was highly 
expressed at the beginning of the differentiation process (1 
week) in both treated and control cells. Treated cells, how-
ever, demonstrated higher Sox-9 expression. Both treated 
and control cells exhibited a decrease of Sox-9 expression 
after 2 and 3 weeks of chondrogenic culture with treated 
cells exhibiting higher expression at 2 weeks as compared 

Figure 1.  Human adipose-derived stem cells (hADSCs) viability 
after 24 hours of treatment with cetylated fatty acids mixture 
from Celadrin as determined by the MTT test (*P < 0.05 control 
vs. cells treated with 0.3 mg/mL cetylated fatty acids mixture 
from Celadrin).
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Figure 2.  Fluorescence microscopy images of untreated and cetylated fatty acids mixture from Celadrin-treated human adipose-
derived stem cells (hADSCs) spheroids labeled with Sox-9, aggrecan, chondroitin sulfate, col2a, keratan sulfate, and syndecan-3 
antibodies after 1, 2, and 3 weeks of in vitro chondrogenic induction.
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to control (Fig. 2). The expression of the cartilage ECM 
components (aggrecan, collagen, chondroitin sulfate) as 
well as that of the cell-membrane syndecan-3 increased in 
time during the experimental period of 21 days. The expres-
sion of keratan sulfate was not altered by treatment. 
Furthermore, the double staining of the cells nuclei with 
DAPI and the ECM components with FITC or TRITC 
labeled antibodies revealed that the ratio between the cel-
lular and the extra cellular matrix components in our spher-
oids. As shown by immunofluorescence microscopy 
images, all the untreated spheroids displayed condensed 
cells nuclei after 3 weeks of chondrogenic induction, leav-
ing little space between the cells for the ECM components 
(Fig. 2). However, the treatment with cetylated fatty acids 
mixture from Celadrin induced obvious modifications in 
the spheroids architecture as the ECM components hold the 
majority of the space and the cells nuclei were found dis-
persed in this well-developed matrix.

Inflammatory Cytokines Production

The inflammatory response was simulated in vitro by stimu-
lating the RAW264.7 mouse macrophage cells with 1 µg/mL 
LPS from Escherichia coli for 24 hours. Concomitant with 
this treatment, the samples were treated with 1 mM ibupro-
fen, 0.5 mM prednisone, 0.5 mM piroxicam, or 0.7 mg/mL 
cetylated fatty acids mixture from Celadrin. After 3 and 24 
hours of exposure to the treatments, culture media were col-
lected and processed for the quantification of IL-6, IL-10, 
MCP-1, IFN-γ, TNF, and IL-12p70 by flow cytometry.

As shown in Figure 3, there was no inflammatory stimu-
lation after 3 hours of treatment with LPS in our RAW264.7 

cell culture. However, after 24 hours of treatment, the 
mouse macrophage cells produced a significant increased 
amount of IL-6, MCP-1 and TNF (P < 0.001). No signifi-
cant expression of IL-10, IFN-γ, or IL-12p70 was detected 
in culture media even after 24 hours of inflammation induc-
tion. Consequently, in further experiments we focused on 
potential modulation of IL-6, MCP-1, and TNF levels by 
anti-inflammatory reagents.

Therefore, next we evaluated the effects of anti-
inflammatory mediators (ibuprofren, prednisone, piroxi-
cam) as well as the cetylated fatty acids mixture from 
Celadrin on these mediator’s levels (Fig. 4). As compared 
with the control (the LPS stimulated and untreated sam-
ple), all anti-inflammatory mediators, including the cety-
lated fatty acids mixture, significantly decreased the 
expression of IL-6, MCP-1, and TNF (P < 0.001). In par-
ticular, the treatment with 0.7 mg/mL cetylated fatty acids 
mixture from Celadrin triggered the highest decrease in 
the expression of IL-6 (82.05% from the control) as com-
pared with ibuprofen (58.95% from the control), predni-
sone (42.49% from the control), and piroxicam (39.57% 
from the control). Ibuprofen had the greatest impact on 
MCP-1 decrease (81.59% from the control) as compared 
with the cetylated fatty acids mixture from Celadrin 
(60.59% from the control), prednisone (72.22% from the 
control), and piroxicam (68.91% from the control). 
Ibuprofen, prednisone, and piroxicam induced approxi-
matively the same decrease on the expression of TNF 
(80.48%, 82.1%, and 78.22% from the control, respec-
tively), while the cetylated fatty acids mixture from 
Celadrin decreased TNF expression only with 56.28% 
from the control.

Figure 3. I nflammatory cytokines expression profile after 3 and 24 hours lipopolysaccharide (LPS) stimulation of RAW264.7 
mouse macrophage cells. (A) Flow cytometry dot plots revealing the cytokines mixed Capture Beads populations. (B) Graphical 
representation of the cytokines median fluorescence intensity (***P < 0.001 interleukin-6 (IL-6), monocyte chemoattractant protein–1 
[MCP-1], and tumor necrosis factor [TNF] after 24 hours of stimulation vs. 3 hours of stimulation).
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Discussion

Fatty acids in the form of food supplements or topical 
creams have been suggested to alleviate the symptoms of 
various connective tissue disease. Thus, a number of studies 
have highlighted the benefits of fish oil in rheumatoid 
arthritis but there is little information about OA treat-
ment.27-29 Indeed, it was suggested that fish oil supplemen-
tation reduced the production of eicosanoids that mediate 
inflammation as well as cytokines synthesis.30 Furthermore, 
monounsaturated fatty acids from olive oil inhibited endo-
thelial activation31,32 and reduced tissue responsiveness to 
cytokines.33-35 Interestingly, cetylated myristoleic acid was 
proved to confer protection in adjuvant induced arthritis.1

Studies aimed at assessing functional mobility after topi-
cal treatment with cetylated fatty acids determined benefi-
cial effects. Thus, topical treatment with cetylated fatty 
acids significantly increased physical performance such as 
balance, walking, rising from chair, or stairs-climbing abil-
ity in patients with knee OA.19,20 The effects were evident at 
30 minutes from initial topic application of creams contain-
ing cetylated fatty acids and were further improved after 30 

days of treatment. The effects were correlated to pain relief, 
potentially because of the reduction of inflammation, but 
mechanisms at the, cellular level were not clear.19,20

The OA-correlated inflammation process is partly 
because of the release of pro-inflammatory cytokines such 
as IL-1β and TNF-α. Fatty acids, mainly the n-6 fatty acid 
group, have the ability to reduce chronic inflammation in 
rheumatoid arthritis by downregulating or by disrupting of 
the inflammatory process. This might be propagated by 
reducing both the secretion of leukotriene B4 from stimu-
lated neutrophils as well as the release of IL-1 by mono-
cytes.36,37 Other suggested mechanisms of action are the 
direct suppression of leukocyte activity by modulating their 
ability to migrate or to adhere through the modulation of the 
adhesion molecule’s expression.36,38 Monounsaturated cety-
lated fatty acids are believed to affect the inflammatory pro-
cess through the inhibition of the cyclooxygenase pathway, 
though this has yet to be confirmed in human subjects.21

In this pilot study on the anti-inflammatory potential of 
the cetylated fatty acids mixture from Celadrin, we show 
that these compounds may act on the inflammatory process 
by significantly decreasing the production of IL-6, MCP-1, 

Figure 4.  (A) Flow cytometry dot plots revealing the inflammatory cytokines expression profiles after 24 hours of treatment with 
cetylated fatty acids mixture from Celadrin (0.7 mg/mL), ibuprofen (1 mM), prednisone (0.5 mM), and piroxicam (0.5 mM). (B) 
Median fluorescence intensity of interleukin-6 (IL-6), monocyte chemoattractant protein–1 (MCP-1), and tumor necrosis factor (TNF) 
cytokines after 24 hours of treatment with cetylated fatty acids mixture from Celadrin (0.7 mg/mL), ibuprofen (1 mM), prednisone 
(0.5 mM), and piroxicam (0.5 mM) as compared with the lipopolysaccharide (LPS)-stimulated sample.
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and TNF in stimulated RAW264.7 mouse macrophage 
cells. Importantly, these cytokines are key regulators of the 
inflammatory process, as IL-6 stimulates the immune 
response during infection or trauma and is correlated to 
heightened pain sensitivity in OA patients, whereas MCP-1 
is an essential chemokine involved in monocyte and macro-
phage traffic across endothelial and epithelial barriers. 
Moreover, TNF is involved in the systemic inflammation, 
mainly in acute phase and its impaired expression is corre-
lated to pathologies like Alzheimer’s,39 cancer,40 psoriatic 
arthritis,41 obesity, insulin resistance,42 and so on. 
Consequently, our results suggest that the cetylated fatty 
acids mixture from Celadrin can affect the inflammation 
process through the modulation of IL-6, MCP-1, and TNF 
production. Furthermore, in our experimental model, we 
observed that the descendent trend of the IL-6, MCP-1, and 
TNF production was maintained also in all the samples 
treated with SAIDs and NSAIDs, suggesting that the cety-
lated fatty acids from Celadrin may act similarly. However, 
further studies approaching upstream signaling molecules 
are to be addressed.

The second point of the present study is the demonstrated 
stimulatory effect of cetylated fatty acids mixture from 
Celadrin on chondrogenesis in our model system. This was 
achieved by upregulating the chondrocyte production of 
specific chondrogenic markers such as Sox-9, aggrecan, 
collagen type II, chondroitin sulfate, and syndecan-3.43 
Chondrogenesis is a crucial biological process correlated to 
skeletal development, tissue patterning, and endochondral 
ossification.44,45 This multistep process requires undifferen-
tiated mesenchymal cells to condense, undergo morpho-
logical changes and activate the key genes leading to 
cartilage formation. The nuclear transcription factor Sox-9 
is one of the chondrogenic markers expressed by cells in 
early stages of condensation. Sox-9 is necessary to activate 
the genes encoding for specific matrix proteins, such as 
type II collagen gene. Moreover, Sox-9 is essential for mes-
enchymal cell commitment toward chondrogenic pathway 
and protein expression of chondrocyte-specific matrix, 
including collagen type II, IX, XI and aggrecan. These pro-
teins are required for maintaining the biochemical proper-
ties of articular cartilage. Finally, the secreted ECM 
components are organized in a well-structured network 
composed mostly of collagens and proteins decorated with 
glycosaminoglycan chains, proteoglycans, into which the 
differentiated chondrocytes are embedded.44,45 Indeed, the 
chondrocytes are the singular resident cells of articular car-
tilage and therefore uniquely liable for the correct ECM 
configuration. On the other hand, the metabolism of chon-
drocytes is regulated by its micro-environment, including 
inflammatory cells input and this feedback directly affects 
ECM organization and finally the mechanical properties of 
cartilage. Thus, the decorated with chondroitin sulfate 
chains proteoglycan, aggrecan, which is among the most 

abundant noncollagenous components of the cartilage 
ECM, forms aggregates and contributes to cartilage 
mechanical properties, including a good resistance to pres-
sure.44,46 On the other hand, type II collagen, is the most 
abundant cartilage protein.47 Indeed, in the present study, an 
increased expression of chondrogenic markers (aggrecan, 
collagen type II, syndecan-3, and chondroitin sulfate) was 
demonstrated in spheroids treated with the cetylated fatty 
acids mixture from Celadrin suggesting that these com-
pounds facilitate the chondrogenesis. There were no 
changes in keratan sulphate expression in cetylated fatty 
acids mixture–treated samples, which may be due to con-
served, topical distribution of this glycosaminoglycan dur-
ing joint development.48 Finally, cartilage is a highly 
specialized tissue that corrects the distribution of load 
across the joint surface, ensures minimal friction of the 
bone’s surfaces and allows elastic deformation of the joint 
surface. Because of the high ECM-producing capability of 
chondrocytes the ratio between the cellular component and 
the extracellular matrix is in the favor of the last one. In 
healthy tissue, articular chondrocytes preserve the articular 
cartilage by maintaining the balance between ECM synthe-
sis and degradation by proteolytic enzymes, including 
matrix metalloproteinases (MMPs) and aggrecanases.49 In 
degenerative joint diseases, including OA an imbalance 
between anabolic and catabolic processes occurs leading to 
a developing degradation of the articular cartilage, ulti-
mately resulting in subchondral bone exposure, osteophyte 
formation, and attenuated joint mobility as well as chronic 
pain. Therefore, cartilage repair or the prevention of carti-
lage degradation is needed. Indeed, mesenchymal stem 
cell–based therapy is an evolving therapeutic strategy to 
obtain functional replacement of articular cartilage.50

In our experimental model, we have used a scaffold-free 
3D culture system, which supplies a permissive environ-
ment for the undifferentiated cells to aggregate in order to 
initiate chondrogenesis. Importantly, the treatment with 
cetylated fatty acids mixture from Celadrin initiated and 
propagated the process of chondrogenesis as demonstrated 
by the increased expression and deposition of chondrogenic 
markers by the differentiating mesenchymal cells. These 
initial findings suggest that cetylated fatty acids mixture 
from Celadrin might have a beneficial role on degenerated 
cartilage repair.

In conclusion, the cetylated fatty acids mixture from 
Celadrin reduce inflammation in vitro by significantly 
decreasing the expression of IL-6, MCP-1, and TNF in 
stimulated RAW264.7 mouse macrophage cells. These 
compounds facilitate the chondrogenic differentiation pro-
cess of hADSCs by stimulating the expression of chondro-
genic markers under chondrogenic induction conditions. In 
perspective, further in vivo studies on animal models and 
human volunteers should be developed to validate the in 
vitro findings presented in this article.
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