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Abstract
BACKGROUND : The clear association between obesity and osteoarthritis (OA) in joints not subjected to
mechanical overload, together with the relationship between OA and metabolic syndrome (MS), suggests
that there are systemic factors related to metabolic disorders that are involved in the metabolic
phenotype of OA. The aim of this work is to study the effects of palmitate (PA) and oleate (OL), as the
most abundant fatty acids (FA) present in the diet and serum, on cellular metabolism in an " in vitro "
model of human chondrocytes. METHODS :.The Seahorse XF96 Analyzer was used tomeasure the
mitochondrial, glycolytic function and the contribution of the mitochondrial oxidative phosphorilation
system (OXPHOS) and glycolysis to the production of ATP, in the T/C-28a2 chondrocyte treated with to
PA, OL and palmitate/oleate (PA/OL) ratio 1:2. Subsequently ATP bioluminescence assay kit was used
for ATP quanti�cation. To detect the presence of lipid droplets, two types of stains were performed and
the amount of Triglycerides was quanti�ed spectrophotometrically. RESULTS : PA, but not OL, produces
mitochondrial dysfunction observed with a lower rate of OCR intended for the synthesis of ATP, coupling
e�ciency, maximal respiration and spare respiratory capacity. Glycolytic function showed lower rates for
both glycolytic capacity and glycolytic reserve when cells were incubated withFA in relation to basal
condition (BC). The production rate of ATP from OXPHOS showed lower values in chondrocytes
incubated with any of the FAs. The evaluation of possible formation of Lipid droplets (LD) showed a
signi�cant increase of these structures in FA conditions, being signi�cantly higher when the cells were
incubated with OL. CONCLUSIONS : PA and OL show antagonistic effects in human chondrocytes; while
increased levels of PA induce mitochondrial dysfunction and hinder the response of chondrocytes
through the glycolytic pathway, OL shows a cytoprotective effect through which promotes the formation
of triglycerides-rich LD, as well as the incorporation of PA.

Background
Osteoarthritis (OA) is a chronic progressive disorder that �rst manifests as a molecular derangement
(abnormal tissue metabolism), followed by anatomical and/or physiological derangements characterized
by cartilage degradation, bone remodeling, osteophyte formation, joint in�ammation and loss of normal
joint function that can culminate in illness (1).

New insights into the pathophysiology of OA have produced a division of the disease into different
clinical and structural phenotypes, whose de�nition allows speci�c treatments (2). However, Mechanisms
of metabolic OA remain unknown. Obesity is one of the most known OA-associated risk factors, mainly
explained as an effect of joint overload. However, (i) the close association of other metabolic diseases
such as insulin resistance, dyslipidemia and hypertension, and OA (3–5); (ii) a higher prevalence of OA in
non-obese subjects with a metabolically abnormal phenotype in relation to obese subjects without
associated metabolic disease (6); and (iii) the positive interaction between obesity and OA in joints not
subject to overload, such as OA of hands (7); suggest that systemic factors related to metabolic disorders
are involved in this OA subgroup. An increase in plasma fatty acids (FA) is one of the systemic factors
related to the different metabolic pathologies (8,9). The most abundant FA present in the diet and blood
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are palmitic acid (PA), a long-chain saturated FA, and oleic acid (OL), a monounsaturated FA (8). Synovial
�uid, a plasma ultra�ltrate, provides nutrients necessary for the maintenance of articular cartilage. This
�uid contains more FA in OA patients than in healthy subjects (10). The effects of FA in tissues have been
reported to differ according to the type of FA. Saturated FA, such as PA, have been described to have
highly lipotoxic effects, producing apoptosis in different cell types (11–13). The lipotoxic effects of PA
have also been studied for monounsaturated FA, such as OL, showing in most cases that OL reverses
these effects (14–16).

Given the limited oxygen availability conditions of articular cartilage, chondrocytes are well adapted to
maintain their extracellular matrix synthesis function with minimal nutrient input and low oxygen
consumption; this is the reason why these cells mainly use the glycolytic pathway to obtain energy.
However, the ATP obtained from mitochondrial respiration is known to signi�cantly contribute to the
synthesis of collagen and proteoglycans of the extracellular matrix of articular cartilage (17).
Mitochondrial dysfunction, which has been reported in human OA chondrocytes, may affect several
pathways that have been implicated in cartilage degradation, including oxidative stress, in�ammation,
cartilage matrix calci�cation and chondrocyte apoptosis (18,19).

Considering that (i) synovial �uid from OA patients has more FA and that these FA are more lipotoxic than
those in healthy subjects (10), and even that (ii) accumulated FA have been detected in OA cartilage OA
(20), in this study we used an in vitro model of human chondrocytes, to characterize the effects of the
two major FA in blood and in the diet (PA and OL) on cellular metabolism.

Methods
Cell Culture and TreatmentThe T/C-28a2 chondrocyte cell line (HSS Research Institute, New York, NY,
USA) was maintained in Dulbecco´s Modi�ed Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA),
supplemented with 10% fetal bovine serum (FBS; Gibco), penicillin (100 U/ml)/streptomycin (100 μg/ml)
(Gibco). PA, OL and PA/OL in a ratio of 1:2 stock solutions were prepared at 5 mM in 10% bovine serum
albumin (BSA; Sigma Aldrich, St.Louis, MO,USA), as a vehicle for PA 200 mM and OL 700 mM (Sigma
Aldrich) solutions. These solutions were incubated at 55° for 30 minutes (21). Then, for each condition of
FA, the different test concentration solutions were prepared in DMEM without FBS. For the baseline
condition (BC), DMEM without FBS was used, to which the corresponding BSA percentage was
added.The experiments were performed after 12h of incubation with the FA.

Cell viability assay

Cell viability after the exposure to various concentrations of PA, OL and PA/OL mix (0.4, 0.7, and 1mM)
was assessedusing the MTS assay (Promega). The incubation medium with tested compounds (12
hours) was changed to a medium with the MTS reagent at the end of exposure and cells were incubated
for additional 3 h at 37°C. The absorbance of dissolved formazan was measured at 490 nm in a
microplate reader. Data are displayed as a percentage of cells with basal condition (BC).



Page 4/23

Quanti�cation of superoxide anion(O2
-) production

To measure superoxide anion (O2
-) production, cells were incubated with 4 µg/µl Mitosox™ in Hank's

Buffered Salt Solution (HBSS) (Thermo Fisher Scienti�c, Waltham, MA, USA) for 15 minutes at 37ºC and
5% CO2 in darkness. The pelleted cells were re-suspended to measure �uorescence by �ow cytometry
(Becton Dickinson, Franklin Lakes, NJ, USA).

Quantitative Real-Time PCR

Real-time PCR was performed with a LightCycler 480-II Instrument (Roche Diagnostics, Risch-Rotkreuz,
Suiza) with TaqManUniversal Master Mix (Roche). Gene expression was calculated relative to the
housekeeping gene (RPL13A). Sequence primers, probes and PCRconditions are shown in Additional �le
1.Table S1.

Extracellular Flux Analysis

The Seahorse XFpExtracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA) was used to
estimate the chondrocyte metabolic stress. Based on the presence of sensors sensitive to the
concentration of oxygen and protons, this technique allows to measure simultaneously, in living cells, the
two main cellular energy pathways:mitochondrial respiration and glycolysis.

1. Mitochondrial stress testing

2x104 cells were seeded in XFp Cell Culture Miniplates (Agilent Technologies). Following incubation with
the FA, the assay was carried out following the manufacturer's recommendations. The oxygen
consumption rate (OCR) was determined in the presence of speci�c mitochondrial modulators
successively added: 2mM oligomycin (OLG); 1mM carbonyl cyanide-p-tri�uoromethoxyphenylhydrazone
(FCCP); and �nally a mixture of rotetone and antimycin A (Rot/AntA) 0.5mM. Each condition was
performed in triplicate and the data obtained (normalized by cell number) wasused to calculate the Basal
respiration, ATP synthesis, Proton leak, Maximal respiration, Spare respiratory capacity, and the Non-
mitochondrial respiration, expressed as OCR (pmol/min)/103 cells; and Coupling e�ciency as a
percentage (Additional �le 2.Table S2a).

2. Glycolysis stress testing

2x104 cells were seeded in XFp Cell Culture Miniplates.Following incubation with the FA, the cells were
incubated in medium without glucose or pyruvate and the extracellular acidi�cation rate (ECAR) was
measured. Then, the different modulators were separately injected: 10mM glucose, 2µM OLG and 50mM
2-deoxyglucose (2-DG). Each condition was performed in triplicate and the data obtained in the test was
used to calculate the Glycolysis rate and the Glycolytic capacity, expressed as ECAR (mpH/min)/103cells;
and Glycolytic reserve expressed as a percentage (Additional �le 2.Table S2b).

https://www.google.com/search?client=firefox-b-d&sa=X&biw=1366&bih=666&q=Risch-Rotkreuz&stick=H4sIAAAAAAAAAOPgE-LUz9U3MI83zbJUAjPTynMKC7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY-YIyi5MzdIPyS7KLUkurABDwsn5VAAAA&ved=2ahUKEwiz56uU9priAhXDAmMBHStXAD8QmxMoATAQegQIDBAK
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Assessment of energy balance

Contribution of mitochondrial oxidative phosphorilation system (OXPHOS) and glycolysis to the
production of ATP

Taking into account that, under normal conditions, the stoichiometry ratio of OCR and proton production
rate (PPR) withthe ATP production is 5 and 1 respectively (22), from the OCR and PPR data obtained from
the Seahorse XFp Extracellular Flux Analyzer, the rate of ATP production (pmol / min) due to OXPHOS
and glycolysis was estimated.

Quanti�cation of total and mitochondrial ATP by luminescence

To measure intracellular ATP, an ATP bioluminescence assay kit (Roche Applied Science)was used
according to the manufacturer’s recommendations. T/C-28a2 chondrocytes were treated with FA before
incubation for two hours with a solution of 156mM NaCl, 3mM KCl, 2mM MgSO4, 1.25mM KH2PO4, 2mM
CaCl2 dihydrate, 20mM HEPES and 10mM glucose for the quanti�cation of total ATP; or 5mM 2-DG and
5mM of sodium pyruvate for the quanti�cation of mitochondrial ATP. The ATP levels were normalized to
the protein concentration.

Mitochondrial DNA (mtDNA) copy number quanti�cation

To con�rm the level of mitochondrial DNA recovered after incubation with FA, the mtDNA copy number
was determined by real time polymerase chain reaction as previously described (23). The targeted genes
were the mitochondrial12S ribosomal gene (forward 5´-CCACGGGAAACAGCAGTGAT-3', reverse 5´-
CTATTGACTTGGGTTAATCGTGTGA-3') and RNAseP (forward: 5´-GCACTGAGCACGTTGAGAGA-3'; reverse:
5´-CCAGTCGAAGAGCTCCAGA-3'). For determining mtDNA copy number, an independent standard curve
was generated for each gene (12S-rRNA and RNAseP). The total mtDNA copy number was determined
from the Ct values and was extrapolated into the external standard curve. The concentration for each
gene was obtained in the analyzed samples. MtDNA copy number values were expressed by the ratio 12S
rRNA/RNAseP. To normalize the values between all experiments, we established the mtDNA copy number
using the BC condition as 100%.

Evaluation of lipid accumulation

104 cells were seeded in each well of a chamber slide (Thermo Fisher Scienti�c) and incubated with the
different FA conditions described above. After �xation for 10 minutes with a 4 % paraformaldehyde
solution, the following two stains were applied:

OilRed-O (1- [2,5-dimethyl-4- (2,5-dimethylphenylazo) phenylazo] -2-naphthol)staining: for 20 minutes,
then counter stained with haematoxylin. The proportion of positively stained cells was analyzed and
quanti�ed using Image J, “Image Processing and Analysis in Java,” software (National Institutes of
Health, Bethesda, MD,USA)
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LD540 (4,4-Di�uoro-2,3,5,6-bis-tetramethylene-4-bora-3a, 4a-diaza-indacene) staining: for 30 minutes at a
1:10,000 dilution, then counter stained with Hoechst 33258 solution (Sigma Aldrich). To quantify
positivity of LD540 staining were analyzed by �ow cytometry (Becton Dickinson).

Quanti�cation of intracellular triglycerides

Following 12 h culture of T/C-28a2 cells with the different FA conditions, the cells were collected to
determine their triglyceride content. A suspension of the intracellular content of the cellswas obtained by
sonication. The samples were then centrifuged at 10,000xg for 10 min at 4°C. For the spectrophotometric
quanti�cation of triglycerides (TG) the Glycerol Phosphate Oxidase / Peroxidase method was used
(Biosystems, Barcelona,Spain), following the manufacturer's instructions.

Statistical analysis

Appropriate statistical analyses were performed using GraphPad Prism v6 software. Differences between
the mean of the groups were determined using unpaired and nonparametric t-test. The results are
reported as mean ± SD. A p value less than 0.05 was considered signi�cant.

Results
Cell viability assay

The effects of different FA concentrations on the chondrocyte cell line T/C-28a2 were evaluated with the
CellTiter 96® AQueous Non-Radioactive Cell Proliferation Kit Assay. The values obtained for each
condition (n=3) were normalized in relation to the basal condition (BC) to which a value of 100% was
assigned. There areno signi�cant differences between the viability of the cells in the basal condition and
that of the cells exposed to different concentrations of PA, OL and PA / OL: 0.4 mM, 0.7 mM and 1 mM
(Figure 1). From the results obtained in this assay and taking into account the physiological range values
of the plasma/serum FA (24,25), we chose 0.7mMas the concentration to perform the
subsequentanalysesproposed in this work.

Palmitate induces mitochondrial dysfunction and increased production of superoxide anion in
chondrocytes

Globally, the OCR values showed a lower rate of oxygen consumption when the cells were incubated with
PA (vs. BC). The OCR value was slightly recovered under OL and PA/OL conditions, but was always lower
than in the basal condition. A lower response to modulators of mitochondrial respiration in cells grown in
the presence of PA than that found in the rest of the conditionswas also observed. To assess
mitochondrial functionmore accurately, different parameters that were calculated from the OCR data
shown in Figure 2are explained and analyzed in detail as follows:

Cells incubated with FA showed a lower basal respiration (Figure 2b) than thosein the basal condition,
being statistically signi�cant only after incubation with PA (p=0.034). The OCR corresponding to ATP
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synthesis (Figure 2c), coupling e�ciency (Figure 2d) and maximum mitochondrial respiration (Figure 2e)
was signi�cantly lower in cells incubated with PA (p=0.015, 0.001 and 0.030 respectively). In contrast, no
signi�cant differences in relation to the basal condition were found for cells incubated with OL and the
PA/OL 1:2 ratio (Figs. 2b-e).

Regardingthe spare respiratory capacity (Figure 2f), cells incubated with PA showed signi�cantly lower
OCR values than the basal condition (p=0.04), whilstcells incubated with OL showed higher OCR levels in
relation to the basal condition, although did not reach the statistical signi�cance (p=0.053).

The OCR due to proton leak (Figure 2g) was signi�cantly higher in cells treated with PA in relation, not
only to the basal condition (p=0.017), but also when compared with OL (p=0.004) and the PA/OL 1:2 ratio
(p=0.005)

To analyze whether the differences described above could be due to differences in mitochondrial content,
the number of mtDNA copies was quanti�ed. As shown in Figure 2h, no signi�cant differences in this
parameter were detected.Regarding the levels of mitochondrial superoxide anion (O2

-), these were
signi�cantly higher after PA incubation (p=0.002), while no signi�cant difference was detected after
PA:OL 1:2 ratio incubation,when compared with basal condition (Figure 2i).

Analysis of glycolytic function by measurement of the extracellular acidi�cation rate (ECAR)

To evaluate the main parameters of glycolytic after incubation with the different FA, ECAR data obtained
in the SeaHorse XFp Extracellular Flux Analyzer after stimulation with glucose, OLG and 2-DG,
represented in Figure 3a, were analyzed.

The ECAR analysis showed important differences in each condition in relation to the basal condition, with
those related to the injection of OLG showing the most notable differences (Figure 3a). To de�ne and
assess the meaning of the ECAR data, different parameters were calculated. Compared to the basal
condition, a slight, but not signi�cant, decrease in the rate of ECAR due to glycolysis (Figure 3b) was
observed in those cells incubated with PA-containing media.

Glycolytic capacity showed signi�cantly decreased rates in cells incubated with PA, OL and the PA/OL 1:2
ratio (p=0.007, 0.010, 0.005, respectively) (Figure 3c), while the glycolytic reserve (Figure 3d) only showed
signi�cant reductions in cells incubated with PA (p=0.044) and OL (p=0.015), compared with the basal
condition.

As a complementary analysis of glycolytic function, the gene expression of SLC2A3and HK2 was
quanti�ed. The results showed that incubation with PA induced signi�cant increases in the expression
ratio of both genes (p=0.007 and 0.013, respectively); the expression of these genes, however, was
restored to values similar to the basal condition after incubation with OL and the PA/OL 1:2 ratio (Figures
3e and 3f).

Cellular energy balance



Page 8/23

The metabolic effects observed in the previous experiments should affect cellular energy balance. To
address this, the OCR and ECAR data obtained were used to estimate ATP produced by OXPHOS and
glycolysis. Figure 4a shows the ATP production rates for each of the conditions. The production rate of
glycolytic ATP was signi�cantly lower in chondrocytes incubated with PA (p=0.022) and PA/OL (p=0.024)
in relation to the basal condition. On the contrary, production rate of glycolytic ATP was signi�cantly
higher in the OL condition when compared to the PA condition (p=0.046). The production rate of ATP
from OXPHOS showed lower values in chondrocytes incubated with all of the FA test solutions in relation
to the basal condition, being signi�cantly lower in chondrocytes incubated with PA in relation to both the
basal condition (p=0.016) and OL (p=0.011).

The production of total and mitochondrial ATP by luminescence was also quanti�ed in those conditions
that showed alterations in the estimation of ATP production described above.The results showed a
signi�cant decrease in the production of both total ATP (p=0.040) and mitochondrial ATP (p=0.004)
(Figure 4b) in cells incubated with PA compared to basal condition. In the case of the combined PA/OL
incubation, no signi�cant differences in the both total and mitochondrial ATP were detected in relation to
the basal condition, but both were signi�cantly higher than the PA(p=0.011 and 0.004, respectively).

Evaluation of lipid accumulation

Visualization of prepared images using phase contrast optical microscopy revealed a large accumulation
of cytoplasmic structures in cells incubated with the different FA test solutions in relation to the basal
condition (Supplementary �gure 1). Therefore, the possible formation of LD after staining with both
OilRedO (Figure 5a) and LD540 (Figure 5b) was evaluated, demonstrating an increase of these structures
in FA test solution conditions that were signi�cantly higher when cells were incubated with OL (Figure 5c).

LD are structures with a hydrophobic center formed mainly by TG.Therefore, the presence of these
glycerols was subsequently quanti�ed in cell extracts obtained after incubation with the different FA test
solutions. The analysis of the obtained absorbance values allowed us to determine that TG content is
signi�cantly higher after incubation with PA, OL and PA/OL (p=0.042, 0.021 and 0.026, respectively) when
compared with basal condition, in agreement with the results obtained from LD stains. Moreover, TG
content of cells incubated with OLissigni�cantly higher than cells incubated with PA (p=0.026) (Figure
5d).

Discussion
In recent years, the relationship between MS and OA has generated controversy. Different studies
performed on knee and hip joints lose the association after adjusting for body mass index (BMI) (26).
However, the metabolic alterations that de�ne the MS are considered among the four major
environmental factors that are associated with the OA pathogenesis (27). In addition, (i) studies on
painful interphalangeal OA showed that MS is signi�cantly associated with the disease, even adjusting
for both age and BMI (28) and (ii) a follow-up study carried out on a high number of subjects suggests
that both overweight and obesity increase the risk of incidenthand OA, a joint not subjected to
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mechanical overload (7). These �ndings suggest that there are systemic markers related to metabolic
disorders that act as etiological factors of OA in a metabolic subgroup of this disease. Among these
markers, increased levels of circulating FA stand out. Articular cartilage is an avascular tissue and
chondrocytes are cells with a higher capacity to maintain their synthetic functions with a minimal supply
of nutrients and low oxygen consumption. Although the energy neededforchondrocyteactivity comes
mostly from anaerobic glycolysis, these cells contain mitochondria and oxidative mitochondrial enzymes;
thus, aerobic metabolism takes place, even more when glycolysis is over�owed (29). ATP resulting from
mitochondrial respiration is also known to contribute signi�cantly to the synthesis of collagen and
proteoglycans of the MEC of articular cartilage (17). Alterations of glycolysis andmitochondrial pathway
in chondrocytes lead to a lowered ATP production, an alteration already described in OA chondrocytes
(30–32).

One of the most novel points of this work is the study of the effect of FA overload on the metabolic
function of chondrocytes. Chondrocytes incubated with FA show lower basal respiration rates and the
distribution of basal OCR differs according to the FA with which the chondrocytes were incubated. The
OCR data showed mitochondrial dysfunction in chondrocytes treated with PA. Thus, after incubation with
PA, an increase of proton leak is generated, resulting in an OCR increase, but not an increase in ATP
production. Coupling e�ciency is very sensitive to bioenergetics changes and is altered before any kind
of mitochondrial dysfunction (33). Following the exposure of chondrocytes to PA, a lower percentage of
this parameter was in evidence, that is, a decrease in the coupling quality between OXPHOS and the
electronic transport chain occurs. In contrast, when incubated with OL, the slight decrease in OCR
intended for the production of ATP was accompanied by a lower rate of OCR corresponding to proton
leak, with a coupling e�ciency similar to the baseline condition. In addition, the stimulation of the
respiratory chain to its maximum capacity after administration of FCCP showed a lower maximum
capacity of respiration after incubation with PA, resulting in a lower reserve respiratory capacity. This
would indicate a lower capacity of chondrocytes incubated with PA to respond to an energy demand, or
how close to their bioenergetic limit these cells are (33). Furthermore, it has been described that, under
oxidative stress conditions, the reserve capacity is exhausted and may eventually cause cell death when
the threshold of basal respiration is reached (40). All these data indicate, therefore, that PA produces
mitochondrial dysfunction in chondrocytes. On the other hand, when chondrocytes were incubated with
the same concentration of OL or PA/OL, no signi�cant variations in the parameters of respiration were
observed, showing that OL appears to protect chondrocytes from PA-induced mitochondrial dysfunction.

PA-induced mitochondrial dysfunction has been reported in a study where the parameters of
mitochondrial respiration were analyzed with the same methodology used in our work (36). In their paper,
the authors detected differences in mitochondrial function according to the type of muscle cell incubated
with PA and they correlated these differences with the amount of mitochondria. In our case, however, the
de�cient mitochondrial metabolism following incubation of chondrocytes with PA seems to be
independent of the number of mitochondria, as indirectly quanti�ed by calculations of mtDNA copy
number by qPCR.
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Other studies using different cell types con�rmed the mitochondrial dysfunction caused by PA and the
protective effect of OL. These studies analyzed mtDNA damage (14,26), as well as the genomic analysis
of mRNA expression and DNA methylation, concluding that PA exposure induces a lower expression of
genes that code for respiratory chain proteins, leading to a lower activity of the OXPHOS system and,
therefore, a lower ATP production (40). In this sense, the results of our study also showed a reduction in
the rate of OCR intended for the production of ATP, subsequently veri�ed by the quanti�cation of
mitochondrial ATP in chondrocytes exposed to PA. Notably, ATP production was restored when co-
incubated with OL. Another effect observed in our work, after the exposure of chondrocytes to PA and not
observed in co-incubation with OL, was the remarkable increase in the production of mitochondrial
superoxide anion. This agrees with numerous studies that reported that the excess of saturated FA
induces cellular oxidative stress, a phenomenon described in the pathogenesis of OA (13,46). These
results could indicate that saturated FA, such as PA, induce a mitochondrial dysfunction that would lead
to an increase in mitochondrial reactive oxygen species , thus favoring apoptosis and in�ammation in
chondrocytes, a �nding previously observed by Alvarez-García and co-workers.(13).

Studies carried out in other cell types showed alterations in the glycolytic pathway after incubation with
PA, including decreases in the expression of glycolytic proteins and the glycolysis regulator 6-
phosphofructokinase, or glycolytic activity (43,44). In our study, the ECAR data from the glycolytic
analysis showed a lower glycolytic rate after incubation with PA. These observations are in agreement
with the studies cited above. In our work, the cellular response when the OXPHOS pathway was inhibited
showed interesting differences depending on the FA added. In the basal condition, there was an increase
in ECAR corresponding to an increase in the glycolytic rate to compensate for the inhibition of the
mitochondrial pathway. However, when cells were incubated with FA, the ECAR values showed low
glycolytic capacity and a low glycolytic reserve. In the presence of PA, a low rate of ATP production was
described throughout the glycolytic pathway. This data, in addition to the low rate of ATP production by
OXPHOS, caused a decrease of total ATP production after incubation with PA. Interestingly, the low level
of ATP was partially recovered by co-incubation with OL through the recovery of ATP production by
OXPHOS.

Despite the low rate of glycolytic activity detected, the results of our study showed an increased
expression of SLC2A3 and HK2 after exposure to PA. We speculate that one possible explanation could
be that articular chondrocytes activate mechanisms that favor glucose uptake (SLC2A3) and its
integration into the glycolytic pathway (HK2) to compensate for the cellular energy de�cit observed both
by the lower glycolytic contribution and by mitochondrial dysfunction.In order to con�rm this, additional
studies involving the ancillary routes of glucose metabolism, such as the pentose phosphate pathway,
should be performed.

The results described thus far reveal harmful effects, related to cartilage degradation, on chondrocytes
exposed to high levels of PA, which were partially reversed when co-incubated with OL. This protective
effect of a monounsaturated FA has also been observed in cells of other peripheral tissues, reversing the
effects of PA on insulin resistance, in�ammation, mitochondrial dysfunction, oxidative stress and
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apoptosis (15,16,45–47). One of the differences found after incubation with these FA that may explain
the opposite effects between PA and OL, is the formation of LDs after exposure to OL. LDs are considered
cellular organelles of lipid reserve coated with a phospholipid monolayer with multiple associated
proteins, and a hydrophobic center composed primarily of TG or cholesterol esters (48). The differential
toxicity between saturated FA, such as PA, and their co-incubation with a monounsaturated FA, such as
OL, seems to be related to the ability of the latter to promote PA incorporation into TG (49–51). In our
study, a striking increase in LDs after incubation with the three FA conditions was observed, but their
presence and size was signi�cantly higher when OL was present in the culture medium. These results are
supported by the appearance of a higher intracellular TG content after incubation with OL. The difference,
both in the amount of LDs and intracellular TG, observed after incubation with PA and the incorporation
of OL into the culture medium, may indicate that, as described in other peripheral tissues (46,49), the
monounsaturated FA can favor the incorporation of PA into TG, thus decreasing its toxic effects.
Although the excessive accumulation of LDs in cells does seem to also have long-term lipotoxic effects,
in the presence of an excess of FA, it seems that monounsaturated FA, such as OL, offer an initial
cytoprotective effect on cells. This has been demonstrated in cells of the Chinese hamster ovary, in which,
when the synthetic capacity of TG fails, OL acquires the same toxic effects as PA (49); this issue has not
been addressed in our study. Studies that subject chondrocytes to a longer term exposure to OL would be
necessary to assess the lipotoxic effect of the accumulation of LDs in these cells.

This study has some limitations that must be addressed. On the one hand, the use of primary human
chondrocytes or cartilage explants would be an important support for the results obtained in our work.
However, to carry it out, it would be necessary to perform the study including samples from subjects
without OA and no associated metabolic disease, whose availability is limited. This justi�es the use in
our study of the human chondrocyte cell line T/C-28a2, a widely used cell line in in vitro studies of
osteoarthritis (52). On the other hand, an important fact to consider is the possible toxic effect of FA
concentrations on cells that could alter the results of tests such as those used in this study. In our case,
as in studies conducted on other cell types (53,54), the viabilitytest in chondrocytes T/C-28a2 allowed us
to use clearly pathological AF concentrations in relation to normal serum levels(24,25).

In summary, a metabolic phenotype in OA is supported by the close relationship with pathologies
associated with MS independent of BMI. This indicates that there are systemic factors associated with
these pathologies that may promote the OA process. One of the systemic factor candidates is a high level
of FA, known in the serum of different metabolic alterations, as well as in the synovial �uid of OA patients
compared to healthy subjects. The proportion of FA was also different in these two groups, with saturated
FA predominant in the synovial �uid of OA patients. Based on the results obtained in our study, saturated
FA, such as PA, produce harmful effects,a mitochondrial dysfunction as well as alterations in glycolytic
metabolism, events which can trigger OA pathology through the degradation of the MEC of articular
cartilage. Importantly, these effects can be partially reversed by monounsaturated FA, such as OL.

Conclusions
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These results may help explain, at least in part, the close relationship of metabolic pathologies with OA,
as well as help to elucidate some of the factors that can de�ne a metabolic phenotype in OA. An accurate
identi�cation of this phenotype would lead to speci�c treatment that helps to combat metabolic disorders
in these patients, preventing in turn the appearance as well as the OA evolution.
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Figure 1

Quanti�cation of the effects of fatty acid concentrations on cell viability. The values, expressed in relation
to the baseline condition (BC) to which 100% is awarded, correspond to the mean value ± deviation
standard.
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Figure 2

nalysis of mitochondrial function by measurement of the oxygen consumption rate (OCR). (a)
Representation of the OCR versus time for each of the fatty acid (FA) test solution incubations following
the successive addition of each of the modulators of mitochondrial activity: OLG at 2 M; FCCP at 1 M
and a mixture of Rot/AntA at 0.5 M. From these OCR values, the following parameters were calculated:
(b) OCR due to basal respiration; (c) ATP synthesis; (d) coupling e�ciency (%); (e) maximal respiration; (f)
spare respiratory capacity ; (g) proton leak; (h) percentage (%), relative to the basal condition, of the
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number of copies of mitochondrial DNA; and (i) ratio in relation to BC of mitochondrial superoxide anion
quanti�cation expression. The mean value ± standard deviation is represented in each case; *, p <0.05.
BC =basal condition; PA=palmitic acid; OL=oleic acid; OLG =oligomycin; FCCP=carbonyl cyanide-p-
tri�uoromethoxyphenylhydrazone; ROT=rotenone; AntA =antimycin A.

Figure 3

Analysis of glycolytic function by measurement of the rate of extracellular acidi�cation (ECAR). (a)
Representation of the ECAR versus time for each of the fatty acid (FA) test solution incubations following
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the addition of glucose at 10mM, OLG at 2 M and 2-DG at 50 M. From these ECAR values, the following
parameters were calculated: (b) ECAR due to glycolysis; (c) the glycolysis capacity; and (d) the glycolytic
reserve (%). Gene expression ratios of (e) SLC2A3and (f) HK2 after FA incubations are also represented in
relation to the BC. The mean value ± standard deviation is represented in each case; *, p <0.05. BC = basal
condition; PA=palmitic acid; OL=oleic acid; OLG = oligomycin; 2-DG = 2 deoxyglucose

Figure 4
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Evaluation of energy balance. (a) Total ATP production rate estimated from the values of oxygen
consumption (OCR) and the proton production rate (PPR). The production rate of total ATP in pmol/min
and the distribution of the rate corresponding to the production by OXPHOS (stripes) and by the glycolytic
pathway (white) is represented. Signi�cant differences (p<0.05) are represented by continuos line
(OXPHOS) and discontinuos line (glycolytic pathway). (b) Measurement of ATP production by
luminescence, including both total and mitochondrial ATP.The data are represented as the mean of the
ratio in relation to the BC± standard deviation. *, p<0.05. BC = basal condition; PA=palmitic acid; OL=oleic
acid; OXPHOS = oxidative phosphorylation

Figure 5

Analysis of lipid droplet formation. (a) Images (400x) obtained by optical microscopy with Oil Red O dye
and (b) by �uorescence microscopy with the LD540 stain, following incubations with the following fatty
acid (FA) test solutions: (i) BC, (ii) PA, (iii) OL, and (iv) PA/OL. (c) Quanti�cation by �ow cytometry of the
LD540 signal. (d) Triglyceride intracellular levels. In each case, the data are represented as the mean of
the ratio in relation to the BC± standard deviation.* p<0.05. BC = basal condition; PA=palmitic acid;
OL=oleic acid; TG = triglyceride



Page 23/23

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Additional�le1.TableS1.docx

Additional�le2.TableS2.docx

Additional�le3.FigureS1.tif

https://assets.researchsquare.com/files/b07e9e1a-33c4-449b-b5f1-d0a81b04578a/v1/Additional%20file%201.Table%20S1.docx
https://assets.researchsquare.com/files/b07e9e1a-33c4-449b-b5f1-d0a81b04578a/v1/Additional%20file%202.Table%20S2.docx
https://assets.researchsquare.com/files/b07e9e1a-33c4-449b-b5f1-d0a81b04578a/v1/Additional%20file%203.Figure%20S1.tif

