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Abstract Metabolites derived from the polyunsaturated

fatty acids (PUFA) may modulate the mesenchymal

stromal cell (MSC) differentiation. Such cells can differ-

entiate into different cellular types, including adipocytes

and osteoblasts. Aging favors the bone marrow MSC

differentiation toward the former, causing a loss of bone

density associated with pathologies like osteoporosis. The

omega-6 arachidonic acid (AA) favors MSC adipogenesis

to a greater extent than omega-3 eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA). In this work, we

study the joint action of both PUFA. Thus, not induced

and induced to adipocyte or osteoblast MSC were treated

with 20 lM of each PUFA (either AA, AA ? DHA or

AA ? EPA). The expression of osteogenic and

adipogenic molecular markers, the alox15b lipoxygenase

gene expression and the 5-, 8-, 11-, 12- and 15-hydrox-

yeicosatetraenoic acids (HETE) derived from the AA

metabolism in the culture media were determined. The

results show that the adipogenesis induction of AA is not

suppressed by the joint presence of EPA and DHA. In

fact, both increased the adipogenic effect of AA on MSC

differentiated into osteoblasts. The different HETE con-

centrations increased in cultures supplemented with AA,

albeit such concentrations were lower in the cultures

induced to differentiate, mainly at day 21 after the

induction. Furthermore, the reduction in the HETE con-

centration was correlated with a higher expression of the

alox15b gene. These results highlight the PUFA metab-

olism differences between uninduced and induced MSC to

differentiate into adipocytes and osteoblasts, besides the

relevant role of the lipoxygenase gene expression in

adipogenesis induction.
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Introduction

Omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty

acids (PUFA) are termed ‘‘essential’’ because they are

required nutrients, yet the human metabolism cannot syn-

thesize them, requiring their ingestion in the diet (Salari

et al. 2008). The main essential fatty acids are linoleic acid

(18:2n-6; LA) and a-linolenic acid (18:3n-3; ALA). They

are absorbed and metabolized into longer-chain PUFA

containing 20 or more carbon atoms of the n-6 group, such

as arachidonic acid (20:4n-6; AA), or the n-3 group, such
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Instituto Maimonides de Investigación Biomedica (IMIBIC).

Hospital Universitario Reina Sofı́a de Córdoba,
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as eicosapentaenoic acid (20:5n-3; EPA) and docosahexa-

enoic acid (22:6n-3; DHA).

The AA is part of the membrane phospholipids and may

be reacylated or oxidatively metabolized through the

cyclooxygenase (COX) or lipoxygenase (LOX) pathways.

The enzyme phospholipase A2 (PLA2) initiates the COX or

LOX pathway by catalyzing the hydrolysis of AA from the

membrane phospholipids. LOX acts on liberated free AA to

generate hydroperoxyeicosatetraenoic acids, which are

unstable intermediates, being further either hydrolyzed into

hydroxyeicosatetraenoic acids (HETE) via lipoxygenase

catalysis or by non-enzymatic oxidative reactions (Niki et al.

2005), or enzymatically converted into leukotrienes such as

5(6)-epoxy(oxido)eicosatetraenoic acid (leukotriene A4;

LTA4) and lipoxins, which may be involved in important

physiological events such as inflammation (Wahli and

Michalik 2012). On the other hand, the HETE are PPARc
agonists and may influence cellular differentiation (Ban

et al. 2011; Yu et al. 1995). Additionally, LTA4 may be

further converted into either dihydroxyeicosatetraenoic acid

(LTB4) by an epoxide hydrolase or hydroxy-glutathionyl-

eicosatetraenoic acid (LTC4) by a glutathione transferase

(Needleman et al. 1986).

The metabolism of fatty acids by the COX pathway

leads to the formation of the prostanoids, including pros-

taglandins (PG) and thromboxanes (TX). Although great

attention has been focused on the COX-derived PG so far,

emerging evidence suggests that LT as well as HETE

LOX-catalyzed products may also exert profound biologi-

cal effects on inflammation processes, being involved in

the development and progression of specific human dis-

eases, such as colorectal or pancreatic cancers (Comba and

Pasqualini 2009; Di Mari et al. 2007). In addition to their

inflammatory role, 12- and 15-lipoxygenases have been

reported as promoters of insulin resistance associated with

obesity (Chakrabarti et al. 2009) and osteoporosis

(Almeida et al. 2009). Interestingly, the same enzymes

participating in the metabolism of omega-6 are involved in

the metabolism of omega-3. Thus, there is a competition

between such substrates and, consequently, the production

of alternative metabolites, depending on the concentration

of each PUFA: prostaglandins series 2, thromboxanes

series 2, leukotrienes series 4 and lipoxins for omega-6

fatty acids; or prostaglandins series 3, thromboxanes series

3, leukotrienes series 5 and resolvins for omega-3 fatty

acids (Schmitz and Ecker 2008).

Several PUFA have shown to affect bone cells via dif-

ferent cellular signaling pathways or growth factors,

thereby modulating bone formation, reabsorption and

density in different animals, including humans (Jarvinen

et al. 2012; Moon et al. 2012; Rahman et al. 2009; Salari

et al. 2008). On the other hand, fatty acids play a central

role in the induction of mesenchymal stromal cells (MSC)

to adipocyte differentiation, as well as in adipose tissue

hypertrophy, because they have the ability to activate the

peroxisome proliferator-activated receptor gamma

(PPARc), which is a transcription factor inducing adipo-

genesis (Lopez et al. 2003; Shillabeer and Lau 1994). We

have previously shown that AA promotes a greater degree

of adipocyte differentiation of MSC than DHA or EPA

(Casado-Diaz et al. 2013). Thus, not only the quantity of

ingested fats, but also the nature of their fatty acid residues

is of pivotal importance for human health. In fact, the

nutritional and metabolic factors, which modulate the

PPARc and therefore the MSC differentiation, such as the

amount and nature of PUFA, may influence the bone health

(Chen et al. 2013). Besides, aging favors the differentiation

of the bone marrow MSC into adipocytes instead of oste-

oblasts (Moerman et al. 2004). This contributes to the bone

mass loss in elderly people, since their ability to generate

new bone is reduced.

Therefore, since the hydroxyeicosatetraenoic acids

generated from the metabolism of polyunsaturated fatty

acids are involved in different biological processes,

including the modulation of PPARc, the goal of this

research was to study the effects of polyunsaturated fatty

acids on the production of hydroxyeicosatetraenoic acids in

the culture media of uninduced and induced MSC into

osteoblasts or adipocyte differentiation, thus contributing

to a better understanding of the effect of PUFA on the

metabolism and differentiation of MSC, including their

putative role in the bone formation, which has a significant

potential interest for the prevention of and treatment for

bone diseases, such as osteoporosis.

Materials and methods

Materials

Culture flasks and plates were purchased from Nunc

(Kamstrupvej, Denmark). The alpha-minimal essential

medium (a-MEM), fetal bovine serum (FBS), trypsin and

ultraglutamine were from Lonza (Basel, Switzerland).

Antibiotics, fibroblast growth factor (bFGF), osteogenic

and adipogenic inductors, polyunsaturated fatty acids (AA,

DHA and EPA) and reagents for oil red histochemical

staining were purchased from Sigma-Aldrich (Saint Louis,

MO, USA). The easy-spin Total RNA Extraction Kit,

iScript cDNA Synthesis Kit and SYBR Green I Master

were from iNtRON Biotechnology (Gyeonggi-do, Korea),

Bio-Rad (Hercules, CA, USA) and Roche (Mannheim,

Germany), respectively. The HETE standards correspond-

ing to 5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid

(5-HETE), 8-hydroxy-5Z,9E,11Z,14Z-eicosatetraenoic acid

(8-HETE), 11-hydroxy-5Z,8Z,12E,14Z-eicosatetraenoic
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acid (11-HETE), 12-hydroxy-5Z,8Z,10E,14Z-eicosatetrae-

noic acid (12-HETE) and 15-hydroxy-5Z,8Z,11Z,13E-ei-

cosatetraenoic acid (15-HETE) were purchased from

Cayman Chemicals (Ann Arbor, MI, USA). The cartridge

HySphere C18-EC (8 lm and 10 9 2.0 mm) and chro-

matographic column (3 lm and 150 9 4.6 mm) were from

Spark Holland (Emmen, The Netherlands) and Phenome-

nex (Torrance, CA, USA), respectively.

RNA was quantified at 260 nm with a NanoDrop ND-

1000 spectrophotometer (Thermo Fisher Scientific, Lenexa,

KS, USA), and the quantitative real-time PCR (QRT-PCR)

was performed on a LightCycler 480 real-time PCR ther-

mocycler (Roche). The cultures stained with oil red were

visualized using an Eclipse TI inverted microscope from

Nikon (Melville, NY, USA), and the staining was quantified

after elution with a PowerWave XS microplate reader from

BioTek (Winooski, VT, USA). The HETE determinations

were carried out with a Midas autosampler and Prospekt-2

System from Spark Holland (Emmen, The Netherlands) for

solid-phase extraction (SPE), online connected to a 1,200

series liquid chromatography (LC) system from Agilent

(Palo Alto, CA, USA), by which the chromatographic eluate

was directly transferred into a 6,410 triple quadrupole

detector (QqQ), furnished with an electrospray ion (ESI)

source from the same manufacturer.

Methods

Bone marrow cell cultures

The mesenchymal stromal cells were obtained from bone

marrows of three healthy donors (two females aged 18 and

23 and a male aged 31 years) after their written consent at

the Bone Marrow Transplantation Program of the Hema-

tology Service of the Reina Sofı́a University Hospital in

Cordoba (Spain). The MSC were isolated and cryopre-

served as we have previously reported (Casado-Diaz et al.

2013). The experiments were performed with a pool of

cells obtained from such three donors.

The MSC were seeded in 75-cm2 flasks containing

a-MEM culture medium with 10 % of FBS and 2 mM of

ultraglutamine, as well as 100 U of ampicillin, 0.1 mg of

streptomycin/ml and 1 ng/ml of bFGF. The cells were

grown at 37 �C in 5 % CO2, replacing the cell culture

medium every 3 days. The experiments were carried out

trypsinizing near-confluent cultures and reseeding the cells

at about 500 cells/cm2 in the same culture medium

described above, using P6 or P12 multiwell culture plates.

Osteogenic and adipogenic differentiation

The cells were seeded on 6- or 12-well plates and grown in

culture medium until 80–90 % confluency. Then, the bFGF

was withdrawn and the medium was supplemented with

either 10 nM of dexamethasone, 0.2 mM of ascorbic acid

and 10 mM of b-glycerophosphate (to induce the cells to

differentiate into osteoblasts), or 0.5 lM of dexametha-

sone, 0.5 mM of isobutylmethylxanthine and 50 lM of

indomethacin (to induce the adipogenesis differentiation).

The control MSC (not induced to differentiate) were

maintained in basal medium (a-MEM plus 10 % of FBS,

but without bFGF).

Polyunsaturated fatty acid treatments

Human MSC were induced to differentiate into either

osteoblasts or adipocytes in the presence or absence (con-

trols) of 20 lM of AA. The AA was added either alone or

in the presence of EPA or DHA at the same concentration.

Furthermore, MSC not induced to differentiate (controls)

were treated with the same concentrations of PUFA listed

above, to evaluate the influence of the cellular type on the

analyzed metabolites. The cultures were grown for

21 days, taking samples of both the cell culture medium

(AA metabolism) and the cells (RNA isolation and gene

expression) at different times. They were stored at -80 �C

until needed for the analyses.

RNA extraction, reverse transcription and QRT-PCR

Total RNA from cell cultures was isolated and quantified

as previously described and further segregated using aga-

rose gel electrophoresis to check its integrity. The RNA

transcriptions were performed in a volume of 20 ll, using

1 lg of total RNA and the iScript cDNA Synthesis Kit. The

QRT-PCR was performed with the SYBR Green I Master,

using 1 ll of cDNA and 10 pmol of each primer corre-

sponding to the tested genes (Table 1), as previously

indicated. The relative quantity of the mRNA for each

sample was calculated using the copy threshold (Ct) value.

The polymerase RNA II polypeptide A mRNA (polr2a)

was used as housekeeping gene for the normalization. The

stability of the housekeeping gene was tested with the

BestKeeper application (Pfaffl et al. 2004). The amplifi-

cation profile included one cycle at 95 �C for 10 min and

40 three-step cycles: 94 �C for 10 s, 65 �C for 15 s and

72 �C for 15 s. The results were analyzed with the Light-

Cycler software 1.5.0, using the second-derived method for

the Ct calculation.

Histochemical staining

Fat accumulation in MSC cultures was tested using oil red

staining. Cells were fixed with 3.7 % formaldehyde for

20 min, rinsed with isopropanol 60 % in water and sub-

sequently stained for 15–20 min with a mixture of 60 % of
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0.3 % (w/v in isopropanol) of oil red agent plus 40 % of

distilled water. Cells were then rinsed with water and air-

dried. Next, the oil red stain was extracted with isopropanol

at room temperature for 10 min, and the absorbance of the

resulting solution was measured at 510 nm to quantify the

fat formation. The oil red measurements were normalized

with the number of cells: The cell cultures were stained

with 0.1 % crystal violet in 10 % ethanol for 20 min and

washed with water, and then the crystal violet was

extracted with 10 % acetic acid for 20 min. The absor-

bance of the resulting solution was measured at 590 nm,

and the amount of fat was expressed as A510nm/A590nm. The

cultures were visualized using an inverted microscope.

HETE concentrations in culture media

We had previously developed the analytical methodology

used for the determination of the target compounds

(Ferreiro-Vera et al. 2011). Briefly, 100 ll of the culture

media was injected into a Midas autosampler and Prospekt-

2 system for solid-phase extraction (SPE). The system was

online connected to a 1,200 series liquid chromatography

(LC) system with the chromatographic eluate being

directly introduced into a 6,410 triple quadrupole detector

(QqQ), furnished with an electrospray ion (ESI) source.

Then, the SPE–LC–MS/MS analysis was started with the

solvation of stationary phase of cartridge HySphere

C18-EC (8 lm and 10 9 2.0 mm) with 2 ml of methanol.

Conditioning and equilibration were accomplished using

2 ml of water, with subsequent sample loading into the

cartridge with 2 ml of water. The target compounds were

retained in the sorbent, and 2 ml of a 20 % methanol

aqueous solution was used as rinsing solution to remove

the interferents. The chromatography started by switching

the left-clamp valve and eluting the content of the cartridge

for 30 s into the chromatographic column (3 lm and

150 9 4.6 mm), with the isocratic mobile phase made of

76:22:2:0.02 (v/v) methanol/water/acetonitrile/acetic acid,

which was injected by the chromatographic pump at a flow

of 0.8 ml/min. The column compartment was maintained at

25 �C.

Mass spectrometry detection was performed in negative

electrospray ionization mode at 4 kV capillary voltage,

315 �C source temperature and 60 psi pressure nebulizer.

Nitrogen was used as desolvation gas with a flow of 10

ml/min. The selected voltage for efficient filtration of the

Table 1 PCR primer sequences

Gene category Gene name Primer sequence (50 ? 30) Product

size (bp)

Adipogenic Peroxisome proliferator-activated receptor gamma 2 (ppar-c2) GCGATTCCTTCACTGATACACTG

GAGTGGGAGTGGTCTTCCATTAC

136

Lipoprotein lipase (lpl) AAGAAGCAGCAAAATGTACCTGAAG

CCTGATTGGTATGGGTTTCACTC

113

Glycerol-3-phosphate dehydrogenase 1 (gpd1) ATACAGCATCCTCCAGCACAAG

GGATGATTCTGCAGGCAGTG

120

Osteogenic Runt-related transcription factor 2 (runx2) TGGTTAATCTCCGCAGGTCAC

ACTGTGCTGAAGAGGCTGTTTG

143

Alkaline phosphatase (alp) CCAACGTGGCTAAGAATGTCATC

TGGGCATTGGTGTTGTACGTC

175

Osteocalcin (oc) CCATGAGAGCCCTCACACTCC

GGTCAGCCAACTCGTCACAGTC

258

Alox Arachidonate 5-lipoxygenase (alox5) AAGGGCGTGGTGACCATTGAG

CGAGGTTCTTGCGGAATCGG

190

Arachidonate 12-lipoxygenase (alox12) TCTCTATGCCCATGATGCTTTACG

GGTGAGGAAATGGCAGAGTTGAC

217

Arachidonate 15-lipoxygenase (alox15) ACACTTGATGGCTGAGGTCATTG

GGTCGAAAATTCCCATGTCAGAG

155

Arachidonate 15-lipoxygenase, type B (alox15b) CAAGGGGCTCTGGAGGAGTC

AGGAACTGGGAGGCGAAGAAG

120

Housekeeping Polymerase RNA II polypeptide A (polr2a) TTTTGGTGACGACTTGAACTGC

CCATCTTGTCCACCACCTCTTC

125
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precursor ions in the first quadrupole collision energy

fragmented the precursor ions by collision-induced disso-

ciation (CID). The product ions selected as quantification

and qualifier ions in the selected reaction monitoring

(SRM) method for each analyte are shown in Table 2. The

dwell time was fixed at 200 ms for each SRM transition.

The entire analytical process was completed within 30 min.

Statistical analyses

Three independent biological experiments were conducted

and three analytical replicates were measured, obtaining

the corresponding means. All p values were calculated

using the analysis of variance (ANOVA) and Fisher’s

projected least significant difference (PLSD) tests. A value

of p \ 0.05 was considered statistically significant.

Results

The AA effect on the adipogenesis is not modified

by the presence of EPA or DHA

The presence of 20 lM of AA increased the adipogenesis

on the MSC induced to differentiate into adipocytes, as

shown by the increase in the gene expression of the pparc2,

lipoprotein lipase (lpl) and soluble glycerol-3-phosphate

dehydrogenase 1 (gpd1) adipogenic genes, in relation to the

control cultures at 7 and 21 days after the adipocyte dif-

ferentiation induction (Fig. 1a). Besides, the number of

adipocytes increased in such cultures, as well as their fat

vesicles, which was quantified by oil red staining (Fig. 1b,

c).

The cultures induced to differentiate into adipocytes in

the presence of AA were also supplemented with 20 lM of

omega-3 DHA or EPA, to ascertain their putative influence

on such AA adipogenesis induction. The presence of the

omega-3 fatty acids only reduced the expression of the

gpd1 gene at day 21 of the treatment, in relation to the

cultures supplemented with AA only (Fig. 1a), without

significant changes in the expression of the other studied

genes. On the other hand, the presence of omega-3 fatty

acids did not significantly alter the number of adipocytes

and fat vesicles in the cultures supplemented with AA

(Fig. 1b, c). Therefore, the DHA or EPA concentrations

used did not modify the effect of AA on the MSC differ-

entiating into adipocytes.

Effect of the AA on the MSC differentiation

into osteoblasts in the absence and presence of omega-3

fatty acids

The presence of AA repressed the runt-related transcription

factor 2 (runx2) and alkaline phosphatase (alp) osteoblas-

togenesis early-expression genes in the MSC at day 7 after

the treatment and osteoblast induction (Fig. 2a). Yet, the

AA did not have a significant effect on the induction of the

osteocalcin (oc) osteoblastogenesis late-expression gene

(Fig. 2a). The joint supplementation of AA plus DHA, or

AA plus EPA, significantly increased the gene expression

of alp gene at day 21 on the MSC induced to differentiate

into osteoblasts, in relation to the cultures supplemented

with AA only, without affecting the gene expression of

runx2 or oc.

The AA produced the appearance of cells with adipo-

cyte phenotype in the MSC cultures induced to differenti-

ate into osteoblasts, including the accumulation of fat

vesicles (Fig. 2b). The joint supplementation of AA plus

DHA (or AA plus EPA) significantly increased the number

of adipocytes, in relation to the addition of AA only.

Therefore, a higher fatty acid concentration in the culture

medium favors the MSC differentiation toward adipocytes,

even in osteogenic medium.

On the other hand, the presence of AA (or such fatty

acid plus some of the tested omega-3 fatty acids) signifi-

cantly increased the expression of the pparc2 and lpl adi-

pogenic genes in the cell cultures induced to differentiate

into osteoblasts, in relation to the control ones, mainly at

day 21 of treatment (Fig. 3). The supplementation of AA

alone considerably increased the expression of the lpl gene

at day 7 of treatment, in relation to the control cultures and,

to a lesser extent, in relation to the tissue cultures supple-

mented with AA plus DHA (or AA plus EPA). These two

latter treatments increased the expression of the pparc2

gene at day 21 of adipogenic induction, in relation to the

cultures supplemented with AA only (Fig. 3).

Table 2 Optimization of MS/MS step for qualitative and quantitative determination of the HETE

Analyte Precursor ion (m/z) Voltage MS1 (eV) Product ion (m/z) Collision energy (eV) Quantitation transition (m/z)

15-HETE 319.2 80 175.2 10 319.2 ? 175.2

12-HETE 319.2 80 179.2 10 319.2 ? 179.2

11-HETE 319.2 80 167.2 15 319.2 ? 167.2

8-HETE 319.2 80 155.2 10 319.2 ? 155.2

5-HETE 319.2 80 115.2 15 319.2 ? 115.2
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Non-enzymatic hydroxyeicosatetraenoic acid

concentration increases in culture media supplemented

with arachidonic acid

Since the cell culture media were refreshed every 3–4 days,

the different cell culture media used in the experiments

without cells were incubated for 4 days, to check whether

AA suffered some kind of alteration, including basal

medium (a-MEM plus 10 % FBS), adipogenic and osteo-

genic media, with or without 20 lM AA, under the same

conditions used for the cell cultures: 37 �C, 95 % humidity

and 5 % CO2.

(a) (b)

(c)

Fig. 1 Adipogenic differentiation. Adipogenic markers of the MSC

induced to differentiate into adipocytes in adipogenic medium alone

(AM), or supplemented with either 20 lM of arachidonic acid (AA),

20 lM of AA plus 20 lM of DHA (AA ? DHA) or 20 lM of AA

plus 20 lM of EPA (AA ? EPA). a Expression of the pparc2, lpl and

gpd1 adipogenic genes at 7 and 21 days after adipogenic differen-

tiation. The values are relative to the AM control (value of 1).

b Optical micrographs of crystal violet staining of the MSC induced

to differentiate into adipocytes in the presence or absence of PUFA at

day 21. c Quantification of the fat storage by the oil red staining and

elution for the different treatments at day 21 of adipogenic induction.

The values are relative to the AM control (value of 1). *p \ 0.05 in

relation to AM
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Interestingly, the concentration of the five HETE under

study (5-, 8-, 11-, 12- and 15-HETE) increased more than

10 times when AA-containing media without cells were

incubated under the same conditions used for the cell

cultures (Fig. 4). This behavior should be due to a non-

enzymatic peroxidation of the AA, since no cells were

present. Additionally, the production of the studied HETE

showed no significant concentration differences between

the studied cell culture media supplemented with AA

(Fig. 4).

Effect of the MSC differentiation into osteoblasts

or adipocytes on the hydroxyeicosatetraenoic acid

concentration on cell culture media supplemented

with arachidonic acid

The MSC grown in different media (basal, adipogenic or

osteogenic) were treated with AA, AA plus DHA, or AA

plus EPA. The concentrations of 5-, 8-, 11-, 12- and

15-HETE were determined at days 10 and 21 after treat-

ment. The concentration of HETE in the cell culture media

(a) (b)

(c)

Fig. 2 Osteogenic

differentiation. a Expression of

runx2, alp and oc osteogenic

genes in MSC induced to

differentiate into osteoblasts in

osteogenic medium alone (OM),

or supplemented with either

20 lM of arachidonic acid

(AA), 20 lM of AA plus 20 lM

of DHA (AA ? DHA) or

20 lM of AA plus 20 lM of

EPA (AA ? EPA), at days 7

and 21 of osteogenic

differentiation. The values are

relative to OM control (value of

1). b Optical micrographs of

MSC induced to differentiate

into osteoblasts at day 21,

showing the presence of

adipocytes when culture

medium was supplemented with

AA, AA ? DHA or

AA ? EPA. c Quantification of

adipocyte number for the

different treatments at day 21 of

osteogenic induction. *p \ 0.05

in relation to OM; #p \ 0.05 in

relation to AA
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was usually higher in the basal culture medium for all

treatments, mainly after 21 days (Fig. 5). Thus, the AA

present in such media increased the concentrations of the

different HETE, in relation to the control untreated cul-

tures: about 27 times for 12-HETE and more than 125

times for 5-HETE. The joint supplementation of AA with

either DHA or EPA did not significantly alter the total

HETE concentration, although a tendency to lower 5-, 8-,

11- and 12-HETE concentrations was observed in the

cultures treated with AA and DHA, as compared to those

supplemented with AA only (Fig. 5).

The HETE concentration in the media of the cell cul-

tures induced to differentiate into adipocytes was signifi-

cantly lower than in the average of the cell cultures

maintained in basal or osteoblastic media, mainly at day 21

of treatment (Fig. 5). No significant differences in the

concentration of 5- or 12-HETE were observed in the

culture media of MSC induced to differentiate into adipo-

cytes in the presence of AA, when compared to untreated

controls. Besides, the 5-HETE was almost undetectable in

the cultures maintained in adipogenic media for all treat-

ments (Fig. 5). The concentration of 8-HETE in the media

of the cell cultures induced to differentiate into adipocytes

was similar to the one in basal or osteoblastic media at day

10. Yet, such concentration was significantly reduced in the

adipogenic media at day 21, in relation to both the average

at day 10 and the other two kinds of culture media (Fig. 5).

A concentration change was also observed for 11-, 12- and

15-HETE at day 21, showing a reduction in such products

in the cell culture medium with maturation and differen-

tiation (Fig. 5). When the adipogenic medium containing

AA was also supplemented with DHA or EPA, the latter

one reduced the 8-, 11- and 15-HETE concentrations in

relation to the cultures supplemented with AA only

(Fig. 5).

The presence of AA (alone or supplemented with either

DHA or EPA) also generated an increase in the concen-

tration of all the studied HETE in the media of cell cultures

induced to differentiate into osteoblasts, in relation to the

controls maintained in osteoblastic medium only. The

concentrations of 5-, 8-, 11- and 12-HETE were similar to

the ones for cultures in basal medium at day 10. Never-

theless, the concentrations of such products in the osteo-

blastic medium were significantly higher than those

corresponding to the adipogenic medium, except in the

case of 8-HETE (Fig. 5). The concentration of all studied

HETE was reduced in all treatments at day 21, but it was

always higher than the average for the MSC cultures

induced to differentiate into adipocytes (Fig. 5). Therefore,

the cultures induced to differentiate into osteoblast also

reduced the concentration of the studied HETE in the

culture medium, with the progression of the differentiation.

The presence of AA plus EPA or DHA in the osteoblastic

medium caused a reduction in 11-HETE concentration at

day 10, but not at day 21. The presence of EPA also

reduced the 8- and 12-HETE concentrations at both times,

as compared to cultures treated with AA only (Fig. 5).

Lipoxygenase 15B (alox 15b) gene expression

Lipoxygenases catalyze the enzymatic production of

HETE. The expression of alox 5, alox 12, alox 15 and alox

15b genes was analyzed by QRT-PCR, to evaluate their

putative implication in the observed variations of the dif-

ferent HETE concentrations in the different culture media

and treatments, in the presence of AA plus DHA or EPA.

Only the alox 15b gene generated PCR amplifications,

probably due to the low expression of the other ones. The

lowest expression for such gene for all treatments at days 7

and 21 was observed in the cell cultures maintained with

basal medium (Fig. 6). The expression of the cultures

induced to differentiate into adipocytes was in general

higher for all treatments at day 7, in relation to other cul-

tures. The presence of AA in the adipogenic medium

generated the highest induction of such gene at day 21.

Fig. 3 Adipogenic gene expression. Quantification of expression of

the pparc2 and lpl adipogenic genes in MSC induced to differentiate

into osteoblasts in osteogenic medium alone (OM), or supplemented

with either 20 lM of arachidonic acid (AA), 20 lM of AA plus

20 lM of DHA (AA ? DHA) or 20 lM of AA plus 20 lM of EPA

(AA ? EPA) at days 7 and 21 of osteogenic differentiation. The

values are relative to the OM control (value of 1). *p \ 0.05 in

relation to OM; #p \ 0.05 versus to AA
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On the other hand, the cells induced to differentiate into

osteoblasts in the presence of AA plus EPA showed a

significant induction of alox 15b gene expression at day 21

of treatment, in relation to cultures maintained in adipo-

genic or basal media (Fig. 6). This figure highlights that the

expression of such gene was always higher at day 21 than

at day 7 for all treatments, mainly in cultures induced to

differentiate into adipocytes or osteoblasts. These results,

together with the fact that cultures maintained in the basal

medium exhibited a lower gene expression, demonstrate a

negative correlation between the different HETE concen-

trations in the culture media and the alox 15b gene

expression. This suggests that the different HETE quanti-

fied in the different culture media derived, at least in part,

from other AA oxidation source.

Discussion

Omega-6 and omega-3 fatty acids, as well as the eicosa-

noids derived from their metabolism, may work as regu-

latory molecules of different metabolic and signaling

networks in the cell. The biological activity of such fatty

acids has been related to different biological processes,

including cellular differentiation, inflammation, vasculari-

zation and tumorigenesis, among others (Kim et al. 2010;

Qadhi et al. 2013; Shaikh et al. 2012). Therefore, they may

be involved in different physiological aspects of the

organism, suggesting that their dietary consumption should

be equilibrated to avoid metabolic and physiological

deregulations that eventually could cause different

pathologies.

The modern Western dietary patterns are abundant in

omega-6, yet deficient in omega-3 fatty acids, resulting in a

omega-6/omega-3 ratio [10:1. Interestingly, it has been

proposed that such high ratios might represent a significant

risk factor in some life-threatening diseases (Simopoulos

2008), including the loss of bone mass density (Jarvinen

et al. 2012). Even more, recent animal studies have shown

that diets with both omega-6 and omega-3 fatty acids may

alter the tissue lipidic composition, with a potentially

healthier production of inflammatory cytokines when such

ratio approaches the value of one (Blanchard et al. 2013;

Duan et al. 2013). Nevertheless, the significance of these

findings in the development of some diseases remains to be

bFig. 4 HETE concentrations in the culture medium in the absence of

cells. Quantification of 5-, 8-, 11-, 12- and 15-HETE concentrations in

the basal, adipogenic and osteogenic medium alone (–AA) or

supplemented with 20 lM of arachidonic acid (?AA), in the absence

of cells, at day 4 of incubation in the same cell culture conditions.

p \ 0.05 in relation to the same medium without the AA

0
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Fig. 5 HETE concentrations in

the culture medium in the

presence of cells. Quantification

of 5-, 8-, 11-, 12- and 15-HETE

concentrations in basal,

adipogenic and osteogenic

medium, corresponding to cell

cultures maintained in the

absence of PUFA (controls) or

treated with 20 lM of

arachidonic acid (AA), 20 lM

of AA plus 20 lM of DHA

(AA ? DHA) or 20 lM of AA

plus 20 lM EPA (AA ? EPA),

at days 10 and 21 after

differentiation start. *p \ 0.05

in relation to the cultures

maintained in basal medium for

the same treatments and time;

#p \ 0.05 in relation to the

cultures maintained in same

medium and treatments at day

10
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further studied and validated in well-qualified in vitro/

in vivo experimental models, as well as in epidemiological

and intervention studies.

We have previously reported that the AA favors the

MSC differentiation into adipocytes (Casado-Diaz et al.

2013), demonstrating that both 20 and 40 lM of AA

enhance the adipogenesis, with a 40 lM concentration

even inhibiting the osteoblastogenesis. We have further

studied the 20 lM concentration in the present work, since

when the AA is added with DHA or EPA to the culture

medium, the PUFA concentration in the medium reaches

40 lM. Yet, such a 40 lM AA concentration with any of

such PUFA would have generated a final culture medium

concentration of 80 lM, which is supraphysiological and

cytotoxic for the MSC in our tests (data not shown). This is

in agreement with results obtained for other cellular types

in which PUFA concentrations higher than 60 lM in the

culture medium reduced both the cellular viability and

proliferation rate (Di Nunzio et al. 2011; Shirota et al.

2005). The present work demonstrates that AA adipogen-

esis enhancement is not reduced by the joint treatment of

AA plus DHA or AA plus EPA at the concentrations used

in MSC induced to differentiate into adipocytes. Likewise,

although the joint presence of AA plus DHA or EPA

increased the expression of alp gene expression (osteobl-

astogenesis marker) in cultures induced to differentiate into

osteoblasts, they also increased the expression of the pparc
gene (adipogenic marker) and thus the appearance of adi-

pocytes in such cultures as a result. Therefore, the addition

of 20 lM of AA plus the same concentration of DHA or

EPA generates a 40 lM PUFA concentration in the culture

medium, not reducing the effect of the AA on adipogenesis

in our experimental model, and even enhancing it in the

MSC cultures induced to differentiate into osteoblasts.

These results suggest that even with an 1:1 omega-6/

omega-3 ratio as in this case, the increase in the PUFA

concentration in the culture media (when DHA or EPA are

added) favors the adipocyte generation. In fact, the presence

of fatty acids in the culture medium is essential for the

adipogenic differentiation. Thus, 3T3-L1 pre-adipocytes do

not differentiate into adipocytes in the presence of delipi-

dated (delipid) medium unless PPARc agonists are added

(Chawla and Lazar 1994). Besides, when the cultures of this

cell line (induced to differentiate into adipocytes with

dexamethasone and insulin) are supplemented with omega-6

or omega-3 fatty acids, the differentiation rate increases

(Madsen et al. 2005). Additionally, we have demonstrated

that there is an increase in the number of adipocytes when

the MSC cultures (induced to differentiate into osteoblasts)

are supplemented with 40 lM of DHA or EPA (Casado-

Diaz et al. 2013). On the other hand, it is known that the

consumption of low concentrations of PUFA is positive for

bone formation, albeit a high consumption may not have

beneficial effects (Mollard et al. 2005).

We have found that AA is oxidized in the culture media

(without cells) by non-enzymatic pathways, as demonstrated

by the increase in hydroxyeicosatetraenoic acids under such

experimental conditions. In fact, the non-enzymatic

Fig. 6 Lipoxygenase gene expression. Quantification of expression

of the alox15b gene in MSC cultures maintained in basal, adipogenic

or osteogenic medium, without treatment (controls) or treated with

20 lM of arachidonic acid (AA), 20 lM of AA plus 20 lM of DHA

(AA ? DHA) or 20 lM of AA plus 20 lM of EPA (AA ? EPA), at

days 7 and 21 of differentiation. *p \ 0.05 in relation to cultures

maintained in basal medium for the same treatments and time;

#p \ 0.05 in relation to respective culture control
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peroxidation is a known process (Niki et al. 2005), mainly

involving unsaturated fats (Spiteller 2010), being further

enhanced in our experiments, due to the culture medium

incubation in the presence of atmospheric oxygen (21 %).

The concentration of the five studied HETE did not signif-

icantly change in the three culture media used (basal, adi-

pogenic and osteogenic) after incubation in the presence of

AA without cells. As expected, the HETE concentration

underwent important changes in the presence of cells,

depending on the medium capability to induce (or not) the

MSC differentiation, with significant differences in most

cases, in relation to the differentiation stage (time). These

results show that the MSC metabolize AA and derived

products, depending on their physiological state (differenti-

ating or not) and on their differentiation stage.

PUFA play an important role in the MSC differentiation

into adipocytes (Madsen et al. 2005). A fat-rich diet

increases the expression of the genes encoding the C/EBPa
and PPARc2 transcription factors, which are inducers of

adipogenic differentiation. In this sense, the products

derived from the PUFA metabolism are considered direct

inducers of the pparc gene expression (Madsen et al. 2005).

Therefore, they may produce different effects, depending

on the nature of the involved PUFA. Thus, the fat storage is

reduced in rodents if the diet is richer in n-3 PUFA, when

compared to a richer one in n-6 PUFA (Takahashi and Ide

2000).

PUFA metabolism produces eicosanoids by means of

lipoxygenases, cyclooxygenases and cytochrome P450

(CYP) epoxygenases. All such enzymes use AA as sub-

strate. The importance of such PUFA in MSC induced to

differentiate into adipocytes is revealed by the fact that in

the differentiation process, the specific AdPLA phospho-

lipase is synthesized, the inhibition of which increases

lipolysis and decreases obesity (Jaworski et al. 2009). The

phospholipase generates AA, which is further metabolized

into products that may modulate the MSC differentiation

pathways. Besides, the eicosanoids produced by the

20-carbon PUFA oxidation can be esterified in the cellular

membrane with phospholipids, where they can be stored

and also carry out different biological activities (Hammond

and O’Donnell 2012). The HETE studied in this work are

among such products, which can be generated by both non-

enzymatic oxidation, as well as by the enzymatic activity

of the lipoxygenases (5-, 8-, 12- and 15-HETE), cycloox-

ygenases (11- and 15-HETE) and CYP proteins (11-HETE)

(Moreno 2009). On the other hand, HETE may modulate

the cellular cycle, inhibiting the apoptosis and being either

mitogenic (5-, 12- and 15-HETE) or anti-mitogenic (8-,

11-, 12- and 15-HETE) agents in different cellular types

(Moreno 2009). This suggests that they alone (or the pro-

ducts derived from their metabolism) may be involved in

different cellular processes, such as differentiation.

Our results show that 8-HETE was the only studied

HETE present at high concentrations at day 7 after MSC

induction to differentiation, in adipogenic medium sup-

plemented with PUFA. This suggests that such HETE may

be a mediator of the adipogenesis activation in our exper-

imental model. This is in agreement with the fact that

8-HETE is a PPARa activator, and it can induce the 3T3-

L1 pre-adipocyte differentiation toward adipocytes (Yu

et al. 1995). The studied HETE in cells induced to differ-

entiate into osteoblasts were present at higher concentra-

tions than in adipogenic media, in general. Some HETE

may modulate osteoblastogenesis. Thus, 12- and 15-HETE

may inhibit differentiation and promote apoptosis of oste-

oblasts (Almeida et al. 2009). Additionally, the 5-HETE

may inhibit osteoblastogenesis (Traianedes et al. 1998).

Lipoxygenases represent the main enzymatic activity for

HETE production and further metabolism. The relevance

of such enzymes for MSC differentiation into adipocytes

has been demonstrated in 3T3-L1 pre-adipocytic cells from

mouse. Thus, adipogenesis is inhibited in such cells when

they are treated with the nordihydroguaiaretic acid

(NDGA) and baicalein (BC) lipoxygenase inhibitors during

the first four days of differentiation induction (Madsen

et al. 2003). More recently, it has been demonstrated that

hepoxilins, which are produced by the eLOX2 lipoxyge-

nase activity, activate PPARc and adipogenesis in the 3T3-

L1 cells (Hallenborg et al. 2010). Additionally, other

compounds produced by lipoxygenases, such as the leu-

kotriene B4 (LTB4), which is generated by the 5-LOX

enzyme, are an adipogenesis inhibitor via binding to its

receptor (BLT) (Hirata et al. 2012).

We have not found any lox-5 gene expression, and

5-HETE was found at very low concentrations in the media

of MSC cultures induced to differentiate into adipocytes.

We have detected alox 15b lipoxygenase gene expression,

which increases in cell cultures supplemented with PUFA

and induced to differentiate into adipocytes, mainly at day

21, which is when drastic reductions in the concentrations

of the five studied HETE in culture medium were also

found. This is positively correlated with an increase in

expression of adipogenic genes and the formation of fat

vesicles in the cells of such cultures. Therefore, the

increase in adipogenesis can be correlated with an increase

in metabolism of added PUFA or their metabolites inside

the cells, producing a reduction in free metabolites in

culture medium, which must be mediated, at least partially,

by the ALOX 15B enzymatic activity.

We have also found that the addition of PUFA to the

culture medium of the MSC induced to differentiate into

osteoblasts increases the number of adipocytes and pparc2

gene expression. This is in agreement with the effect of

lipid oxidation on bone metabolism, in which lipoxygenase

activity is partially responsible for the loss of bone mass
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with aging. Thus, ß-catenin does not bind T cell-specific

transcription factors to induce the MSC differentiation into

osteoblasts, due to the increase in oxidative stress caused

by such enzyme, but instead it binds to the forkhead box O

(FoxO) transcription factors. This induces pparc2 gene and

therefore triggers the MSC differentiation into adipocytes

(Almeida et al. 2009).

Our data show that the 15-HETE concentration is low in

culture media supplemented with PUFA and induced to

differentiate into osteoblasts, in comparison with the con-

trol cultures not induced to differentiate. Besides, it

diminishes at day 21, as the other studied HETE. We have

found that the expression of the alox15b gene increased at

such time, mainly in cultures supplemented with AA plus

DHA, as well as AA plus EPA. This is in agreement with

the fact that a higher number of adipocytes were found in

such two treatments. Thus, our results show a correlation

between the induction of the alox15b gene expression and

the adipogenesis. This is in agreement with the results

obtained by other authors in mouse, showing that an

increase in the alox15 gene expression in osteoblasts is

negatively correlated with bone mass (Klein et al. 2004).

As expected, MSC induced to differentiate into osteo-

blasts or adipocytes show a different AA metabolism than

the control uninduced ones. Thus, our results show that the

presence of AA in culture medium generates an accumu-

lation of the studied HETE in the latter, in contrast to

differentiating MSC cultures. Yet, such non-differentiated

cultures have a low alox15b gene expression. Therefore,

our results suggest that such products should derive from a

non-enzymatic oxidation of AA, rather than from lipoxy-

genase activity. Thus, the uninduced MSC should have a

lower rate of enzymatic metabolism of such products via

lipoxygenases, in comparison with the ones induced to

differentiate. This is in agreement with the fact that (in

contrast to the ones induced to differentiate into adipo-

cytes), uninduced MSC exhibit a higher CYP450 mono-

oxygenase expression, which is responsible for the

biosynthesis of the epoxyeicosatrienoic acids (EET) from

AA, being the former inhibitors of the adipogenesis (Kim

et al. 2010).

In conclusion, our results indicate that there are differ-

ences in PUFA metabolism between uninduced MSC and

those induced to differentiation into osteoblasts or adipo-

cytes. Addition of PUFA to the former generates an

increase in their metabolites in the culture medium, indi-

cating that they are not further metabolized (or that such

metabolism is rather slow). This is in agreement with the

low lipoxygenase alox 15b gene expression, in relation to

cultures induced to differentiate. Interestingly, this may

represent an MSC physiological strategy for maintaining

their undifferentiated state in the absence of other more

specific differentiation-inducing agents. On the other hand,

the PUFA metabolism is triggered in the MSC induced to

differentiate into osteoblasts or adipocytes; and mostly in

the latter, as revealed by the increase in the alox 15b gene

expression and the drastic reduction in PUFA metabolites

in culture media. In fact, the increase in such metabolism

(found in MSC induced to differentiate into osteoblasts or

adipocytes) is correlated with an increase in adipogenesis.

Therefore, a high intake of PUFA (omega-6 or other

activators of the lipoxygenase activity) may have a nega-

tive impact on the bone formation. This suggests that

nutritional alternatives are needed for improving non-

optimal omega-6/omega-3 ratios and that an increase in the

omega-3 of fish (EPA and DHA) or plant (linolenic acid)

origin in the diet may be regarded as a valuable strategy for

the prevention of and treatment for bone metabolism

pathologies, such as osteoporosis (Hogstrom et al. 2007;

Weiss et al. 2005). However, taking the above into account,

this might not be so simple. Probably, specific dietary

pharmacological recommendations should be additionally

established, as well as considerations of possible genetic

factors that may modulate the requirements of these

nutrients, in order to minimize the induction of adipocyte

formation and optimize the formation of osteoblasts. In any

case, further studies are needed to shed new light on the

more controversial aspects that have arisen in relation to

this subject and to validate the proposed hypotheses.
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