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ABSTRACT 
 
Fatty acids (FAs) may affect endothelial cell (EC) function, influencing atherogenesis 

and inflammatory processes. Palmitoleic acid (POA) has been described as an anti-

inflammatory FA. However, its effects on ECs are underexplored. This study compared 

the effects of POA with those of palmitic acid (PA) and oleic acid (OA) on EC 

inflammatory responses. EAHy926 cells (EC lineage) were exposed to PA, OA or POA, 

and then stimulated with tumour necrosis factor (TNF)-α. Associated with the cellular 

incorporation of the FA added to the medium, PA induced a 2-fold increase in 

arachidonic acid, while POA increased the amount of cis-vaccenic acid. PA, but not 

OA, enhanced the production of IL-6 and IL-8 in response to TNFα. In contrast, POA 

decreased production of MCP-1, IL-6 and IL-8 when compared to PA. TNFα increased 

surface ICAM-1 expression which was decreased by POA. TNFα stimulation increased 

the expression of NFκB, COX-2, MCP-1 and IL-6 genes and reduced the expression of 

PPARα gene. PA enhanced the expression of MCP-1, IL-6 and COX-2 genes, while 

POA downregulated these genes, decreased expression of NFκB gene and 

upregulated PPARα gene expression. In conclusion, POA has anti-inflammatory effects 

on ECs stimulated with TNFα and may counter endothelial dysfunction. 

 

Keywords: Palmitoleic acid; EAHy926 cells; TNFα; Endothelial dysfunction; 

Cytokines; Inflammation. 
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1.  INTRODUCTION 

 

Atherosclerosis is often described as an inflammatory disease [1]. Elevated 

levels of free fatty acids, frequently observed in hyperlipidemic, hypertensive and 

atherosclerotic patients, are a common feature of patients with metabolic syndrome 

and visceral obesity [2, 3]. Atherosclerosis is initiated by endothelial dysfunction, 

triggered by pathological stresses such as hyperlipidemia and hypertension. The 

“activated” endothelial cells synthesize cell surface adhesion molecules such as 

selectins and integrins, which promote attachment of immune cells such as monocytes 

to the endothelium and subsequently their migration into the vascular wall [1]. The 

nuclear transcription factor-kappa B (NFB) is a prototypical activator of gene 

expression in response to oxidative stress and inflammatory triggers, leading to 

endothelial dysfunction and upregulation of pro-inflammatory mediators [4, 5]. Amongst 

the latter are chemokines (MCP-1, monocyte chemotactic protein; RANTES, regulated 

on activation normal T cell expressed and secreted), cell adhesion molecules (ICAM-1, 

intercellular adhesion molecule-1), cytokines (IL-6, interleukin-6; IL-8, interleukin-8; 

TNFα, tumor necrosis factor), growth factors (VEGF, vascular endothelial growth 

factor) and prothrombotic substances [6]. These result in increased migration of 

monocytes into the vascular wall, where they begin the phagocytosis of lipid particles 

(e.g. oxidized low density lipoprotein), evolve into macrophages and finally into foam 

cells [1]. Foam cells produce chemokines to attract additional monocytes leading to 

formation of the atherosclerotic plaque [7].  

Saturated fatty acids (SFAs) have effects linked to the initiation and 

progression of atherosclerosis [8] including effects on endothelial cells (ECs) [2, 8]. For 

example, palmitate (PA, C16:0) and stearate (C18:0), by triggering the pro-

inflammatory transcription factor NFB in ECs, promote the initial steps of 

atherogenesis [6, 9]. These SFAs enhance the adherence and transmigration of 

monocytes and lymphocytes by increasing the expression of cell adhesion molecules 

(ICAM-1, VCAM-1 and E-selectin), up-regulate the production of inflammatory 

cytokines (TNFα, IL-6 and IL-8) and promote apoptosis [6, 9, 10]. On the other hand, the 

effects of the monounsaturated fatty acid oleic acid (OA, C18:1n-9) on ECs are less 

clear. Some authors observed that OA reduced the expression of VCAM-1 and ICAM-1 

on human umbilical vein ECs (HUVECs), as well as the levels of the pro-inflammatory 

cytokines TNFα, IL-6 and MCP-1 [6, 9, 10], protecting the cells from the pro-apoptotic and 

inflammatory effects of palmitate and stearate [3]. However, higher levels of OA (400 

μM) were found to lead to production of mitochondrial-derived reactive oxygen species 

and hence endothelial dysfunction [11]. 
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The effects of palmitoleic acid (POA, C16:1n-7), another monounsaturated 

fatty acid, which can be obtained from macadamia (Macadamia integrifolia) nuts, 

macadamia oil, and sea buckthorn (Hippophae rhamnoides) oil [12], are largely unknown 

and underexplored, especially with regard to ECs. In other cell types, POA seems to 

promote anti-inflammatory effects [12], and even reduces the harmful effects of 

saturated fatty acids [3, 13]. For example, POA promoted the differentiation of primary 

macrophages into the anti-inflammatory M2 phenotype, protecting against the pro-

inflammatory effects of PA [13]. POA also lowered the levels of pro-inflammatory 

cytokines produced by LPS stimulated macrophages [14]. Similarly, POA reduced the 

pro-apoptotic effects of PA and stearic acid on ECs [3].  

Thus, we hypothesized that POA would promote beneficial anti-inflammatory 

effects in ECs. To test this, we compared the effects of POA with those of PA and OA 

using the HUVEC derived EAHy926 cell line.  

 

2.  METHODS 

 

2.1.  Endothelial cell culture 

EAHy926 cells (ATCC®; LGC Standards, Middlesex, UK) were cultured in high 

glucose containing DMEM supplemented with 10% fetal bovine serum, 1% L-

glutamine-penicillin-streptomycin solution and 1% HAT supplement (100 µM 

hypoxanthine, 0.4 µM aminopterin and 16 µM thymidine); medium and medium 

supplements were all from Sigma-Aldrich, Gillingham, UK. Cultures were maintained at 

37ºC in a humidified 95% air/5% CO2 incubator. For the experiments, 32,000 cells/cm2 

were seeded in 96 well plates (MTT and ELISA), 6 well plates (flow cytometry and Real 

Time PCR) or T25 flasks (gas chromatography), cultured in complete medium and 

exposed to PA, OA or POA (20 or 50 µM) for 48 hours, followed by incubation with or 

without TNFα (1 ng/mL) for 6 or 24 hours. 

 

2.2. Fatty acid treatment 

PA, OA and POA (all from Sigma-Aldrich, Gillingham, UK) were prepared as 20 

mM and 50 mM stock solutions in 100% ethanol. Before each experiment the stock 

solutions were diluted in complete culture medium to yield final FA concentrations of 20 

and 50 μM. The corresponding control was a 0.1% ethanol solution diluted in complete 

medium. 
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2.3.  Cell viability assay (MTT assay) 

For the assessment of cell viability, EAHy926 cells were incubated (96 well 

plate, 32,000 cells/cm2) with different concentrations of PA, OA or POA (1 to 500 uM) 

for 48 hours and exposed to complete medium with or without TNFα (1 ng/mL) for 24 

hours. After this, the cell medium was replaced by DMEM containing 0.05 mg/mL of 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, 

Gillingham, UK) (100 μL per well) and the cells were cultured for another 4 hours. The 

supernatant was removed (75 μl) and replaced by DMSO. Absorbance was measured 

at 550 nm on a plate reader. The effect of the FAs and TNFα on cell viability was 

normalized to the control cultures set at 100%. 

 

2.4. Gas chromatography 

The incorporation of the FAs into cultured EAHy926 cells was confirmed 

through FA analysis of the cells using gas chromatography. EAHy926 cells were 

submitted to lipid extraction with chloroform/methanol as described elsewhere [15]. The 

lipid extracts were dried under nitrogen. Neutral and polar lipids were separated from 

these extracts using solid phase extraction chromatography [15]. FA from within the 

polar (phospholipids) and neutral (triglycerides) lipid fractions were methylated to form 

methyl esters, by heating with methanol in sulphuric acid. The FA methyl esters were 

separated and analyzed by gas chromatography using conditions described elsewhere 
[15]. FA are expressed as ug/106 cells.  

 

2.5.  Multiplex Magnetic Enzyme-Linked Immunosorbent Assay (ELISA) 

Cell culture supernatants were assayed by Human Magnetic Luminex 

Screening Assay ELISA (R&D Systems, Minneapolis, MN, USA) for the appearance of 

inflammatory factors MCP-1 (1 to 8036 pg/mL), IL-6 (4.6 to 3433pg/mL), IL-8 (2.6 to 

2012 pg/mL), VEGF (4.3 to 3219 pg/mL), RANTES (7.2 to 5251pg/mL) and ICAM-1 

(2323.5 to 1794000 pg/mL). Assays were conducted according to the manufacturer’s 

instructions. Plates were read on a Bio-plex 200 System. 

 

2.6. Flow cytometry 

The appearance of the adhesion molecule ICAM-1 (CD54) on the surface of 

EAHy926 cells was determined by flow cytometry. Following treatment, the cells were 

detached, centrifuged and stained with phycoerythrin (PE) conjugated monoclonal 

human antibody to CD54 (BD Biosciences®, San Jose, CA, USA) diluted in a staining 

solution (PBS, 2% BSA) for 30 min. Mouse IgG1 (PE) isotype was used as negative 

control. After staining, the cells were analyzed by flow cytometry in a FACSCalibur (BD 
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Biosciences®). Both % of gated cells and median fluorescent intensity (MFI) were 

determined.  

 

2.7. RNA isolation, Reverse Transcription, and Real-Time PCR. 

Changes in inflammatory gene expression were analyzed by RT-PCR. The 

expression of NFB (Hs00765730_m1), IL-6 (Hs00985639_m1), PPARα 

(Hs00947536_m1), MCP-1 (Hs00234140_m1) and COX-2 (Hs00153133_m1) were 

assessed by qRT-PCR with TaqMan® Gene Expression primers (Thermo Fisher 

Scientific, UK). For this, firstly the total RNA was extracted with ReliaPrep™ RNA 

Cell Miniprep System (Promega, Southampton, UK) and RNA extraction kit. cDNA was 

synthesized from the total RNA using GoScript™ Reverse Transcriptase (Promega, 

UK). Quantification of gene expression was carried out using B2M (Hs00187842_m1) 

and β-actin (Hs01060665_g1) as internal control (“housekeeping”) genes. 

 

2.8. Data analysis 

The data are presented as mean ± SEM (standard error of the mean) and were 

analyzed by two-way analysis of variance (two-way ANOVA) followed by post-hoc tests 

of pairwise differences. Analyses were performed using GraphPad Prism 6.0. 

Differences were considered significant when p<0.05. 

 

3.  RESULTS  

 

3.1.  FA toxicity towards EAHy926 cells  

Using an MTT-based cell viability assay it was observed that TNFα (1 ng/mL) 

for 24 h did not reduce viability of EAHy926 cells. However, 500 µM of OA markedly 

decreased (p<0.001) cell viability (Figure 1B), while concentrations of PA higher than 

100 µM (Figure 1A) and POA above 200 µM (Figure 1C) reduced (p<0.001) cell 

viability by 20% or more. Thus, we chose to work with FA at concentrations of 50 µM 

and 20µM in further experiments because these concentrations did not affect cell 

viability (Figure 1).  

 

3.2.  FA incorporation into EAHy926 cells 

The incorporation of FAs into EAHy926 cells was determined by gas 

chromatography. Incubation with PA (Figure 2A), OA (Figure 2B) or POA (Figure 2C) 

significantly increased (p<0.05) their own incorporation in a dose response manner, 

with higher incorporation at 50 than 20 µM. TNFα did not affect the incorporation of 

FAs. 
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Besides increasing their own concentrations in EAHy926 cells, 50 µM PA and 

POA also induced other changes in the FA profile of the cells (Table 1). PA increased 

(p<0.05) the concentration of SFAs, mainly its elongation product, stearic acid (C18:0), 

and the PUFAs, arachidonic acid (C20:4n-6), EPA (C22:5n-3) and DHA (C22:6n-3), but 

with no overall change in the n-3/n-6 FA ratio. POA also increased (p<0.05) the 

concentration of its elongation product, cis-vaccenic acid (C18:1n-7). Both, OA and 

POA increased (p<0.05) the levels of total MUFAs in EAHy926 cells. 

 

3.3.  FA effects on the production of inflammatory factors 

6 hours of exposure to TNFα (1 ng/ml) increased (p<0.0001) the production of 

MCP-1, IL-6 and IL-8 (Figure 3). However, besides enhancing the production of MCP-1 

(p<0.001), IL-6 (p<0.01) and IL-8 (p<0.0001) TNFα exposure for 24 hours also 

increased production of RANTES (p<0.0001), VEGF (p<0.01) and ICAM-1 (p<0.01) 

(Figure 4).  

Cells pre-incubated with 50 µM PA showed higher production of IL-6 (p<0.001, 

Figure 4B) and IL-8 (p<0.05, Figure 4C) with TNFα stimulation for 24 hours, but not for 

6 hours (Figure 3B and 3C).  

In contrast, cells pre-incubated with 50 µM of POA and then stimulated with 

TNFα for 6 hours, showed reduced (p<0.05) IL-6 production when compared to cells 

pre-incubated with PA or OA (Figure 3B). After 6 hours of TNFα stimulation cells pre-

incubated with 20 µM POA also had lower production of IL-8 (p<0.05, Figure 3C), while 

the production MCP-1 was reduced by POA at both 20 and 50 µM (p<0.05, Figure 3A). 

VEGF (Figure 3D), RANTES (Figure 3E) and secreted ICAM-1 (Figure 3F) were not 

modulated by pre-incubation with the different FAs and then stimulation with TNFα for 6 

hours. 

After 24 hours with TNFα, the pre-incubation with 50 µM POA lowered the 

production of MCP-1 (p<0.05, Figure 4A), IL-6 (p<0.01, Figure 4B) and IL-8 (p<0.05, 

Figure 4C) and 20 µM POA reduced the production of VEGF (p<0.05, Figure 4D). All 

three FAs at both concentrations reduced the production of RANTES, which was 

significantly lower (p<0.05) in those cells exposed to PA or POA (Figure 4E). After 24 

hours of TNFα, the levels of ICAM-1 were not affected by the incubation with the 

different FAs (Figure 4F). 

 

3.4.  FA effects on cell surface ICAM-1 

Although the production of soluble ICAM-1, analyzed by Multiplex ELISA, was 

not modulated by TNFα or the FAs (Figure 3 and 4), the number of cells expressing 

ICAM-1 on their surface and the level of surface expression, observed by flow 
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cytometry, were both significantly enhanced by TNFα for 6 hours (p<0.0001, Figure 5B, 

5C, 5D, and 5E). Both concentrations (20 and 50 µM) of POA (p<0.0001) and to a 

lesser extent, PA (p<0.05), decreased the level of expression (MFI) of ICAM-1 on cells 

stimulated with TNFα, when compared to control. ICAM-1 MFI was also lower on cells 

pre-incubated with 50 µM POA when compared to OA at same concentration (p<0.05, 

Figure 5D and 5E). 

 

3.5.  FA effects on expression of inflammation-related genes 

Finally we evaluated the effects of the FAs on inflammatory gene expression in 

response to TNFα (Figure 6). The expression of NFB (p<0.0001, Figure 6A), COX-2 

(p<0.05, Figure 6B), MCP-1 (p=0.06, Figure 6C) and IL-6 (p<0.01, Figure 6D) was 

upregulated by TNFα, whereas PPARα (Figure 7A, p<0.0001 and 7B, p<0.05) was 

downregulated.  

Similar to the effect observed in the ELISA assay, pre-incubation with 50 µM PA 

promoted a 2-fold induction (p<0.0001) in IL-6 mRNA expression. PA also enhanced 

the TNFα effects on the expression of MCP-1 (p<0.0001) and COX-2 (p<0.01). OA pre-

incubation reduced (p<0.0001) the expression of MCP-1 and IL-6 compared to PA. 

Finally, POA downregulated NFB gene expression (p<0.01), as well as the expression 

of MCP-1 (p<0.0001) and COX-2 (p<0.05), compared to PA, and of IL-6, compared to 

control (p<0.05) and PA (p<0.0001). None of the three FAs tested changed PPARα 

gene expression, which was modulated by TNFα, after 6 hours (Figure 7A). However, 

after 24 hours with TNFα, POA pre-incubation increased the expression of PPARα 

(p<0.05, Figure 7B). 

 

4.  DISCUSSION 

 

In this study we observed that POA has anti-inflammatory effects in EAHy926 

cells compared to PA and OA. In fact, while pre-incubation with PA increased the 

production of several cytokines in response to TNF, and OA seemed to have little 

effect, POA decreased production of cytokines and an adhesion molecule and down 

regulated expression of several pro-inflammatory genes (NFκB, MCP-1, IL-6 and COX-

2) while at same time up regulating expression of the anti-inflammatory PPARα gene. 

Interestingly incubation with PA increased the concentration of the pro-

inflammatory FA and prostaglandin precursor, arachidonic acid (20:4n-6), while POA 

increased the concentration of cis vaccenic acid (C18:1n-7), which is suggested to be 
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anti-inflammatory [16] and also reported as a protective factor to cardiovascular 

diseases [12, 17]. 

Arachidonic acid is the most abundant polyunsaturated fatty acid in most 

membrane phospholipids, and is typically linked with inflammation [18]. Arachidonic acid 

can be mobilized by various phospholipase enzymes, most notably phospholipase A2, 

and subsequently be a substrate for synthesis of eicosanoids (prostaglandins, 

thromboxanes and leukotrienes), by action of cyclooxygenase (COX-1 and COX-2) and 

lipoxygenase enzymes[19]. Thus, the higher levels of arachidonic acid observed in 

EAHy926 cells treated with PA suggest an inflammatory effect of this SFA, which was 

confirmed when we observed that the pre-incubation with PA enhanced the production 

IL-6, IL-8, and the expression of MCP-1, IL-6 and COX-2 genes, after TNFα 

stimulation. 

IL-6 is a multifunctional cytokine that regulates the immune response, the acute 

phase response and inflammation [5], IL-8 plays an important role in the migration of 

leukocytes into the sub-endothelial compartment of the vascular wall in the early stages 

of atherosclerosis [20], and MCP-1, a chemokine synthesized by ECs, is one of the early 

indicators of endothelial dysfunction responsible for the migration of monocytes and 

other leukocytes into the sub endothelial space [20], besides being detected in high 

levels in human atherosclerotic lesions [21] and in dysfunctional ECs [22]. Thus, the 

upregulation of these proteins by PA clearly demonstrates a pro-inflammatory function 

of this SFA and suggests a role in increasing atherosclerosis.  

Regarding the elongation of POA to cis-vaccenic acid observed in the EAHy926 

cells, it is important to mention that studies also indicate cis-vaccenic acid as an anti-

inflammatory FA. Cis-vaccenic acid has been correlated with high levels of the anti-

inflammatory peptide adiponectin in healthy patients [23], reduced the production of 

cytokines by T-cells stimulated with TNFα [24] and lowered liver inflammation in obese 

atherosclerotic rats [25]. Thus, some of the anti-inflammatory effects of POA observed in 

the current study, might be related to the higher levels of cis-vaccenic acid produced by 

the ECs pre-incubated with POA. 

We observed that POA pre-incubation reduced the production of IL-6, IL-8 and 

MCP-1 stimulated by TNFα. In agreement with our results, other authors showed a 

modulation of those cytokines by POA incubation with cultured macrophages [13, 14], 

while providing POA or POA-enriched oils to obese mice reduced inflammation in 

adipose tissue [26] and liver [27].  

Besides the beneficial effects of POA on the production of cytokines and 

chemokines, POA also reduced the levels of a growth factor, VEGF, which is related to 

endothelial dysfunction and atherogenesis. VEGF was initially described as a growth 
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factor that stimulates endothelial proliferation and nitric oxide release in vitro [28]; 

however, VEGF is now known as vascular permeability factor [29], that also induces the 

migration of monocytes [30]. Several studies have demonstrated that inhibition of VEGF 

by monoclonal antibodies, glucocorticoids, leukotriene modifiers, COX-2 inhibitors and 

non-steroidal anti-inflammatory drugs, might contribute to a successful therapeutic 

approach to the treatment of inflammatory diseases [1, 20, 31]. In the current study, the 

lowest concentration of POA (20 µM) reduced the production of VEGF in EAHy926 

cells exposed to TNFα. 

ICAM-1 is expressed on the surface of ECs where it plays a role in monocyte 

adhesion, thus promoting atherogenesis. ICAM-1 can also be released by ECs and 

circulates in the bloodstream in a soluble form [32]. We assessed both cell surface and 

secreted ICAM-1. Both were increased by incubation of ECs with TNF. Firstly, we 

observed that TNFα increased by 10-fold the MFI of ICAM-1 on the EAHy926 cell 

surface; however, other adhesion molecules, such as VCAM-1 and E-selectin were not 

modulated by TNF (data not shown). On other hand, POA decreased the cell surface 

MFI of ICAM-1 compared to control and OA pre-incubated cells. Similarly, other anti-

inflammatory FAs, such as n-3 PUFAs and butyric acid, produced effects similar to 

POA, lowering the levels of ICAM-1 on the surface of HUVECs stimulated by cytokines 
[33]. These beneficial properties of POA might act to delay atherosclerosis. 

In addition to its well known pro-oxidative role [34], PPARα has been described 

as a NFB inhibitor, capable of decreasing the production of cytokines and controlling 

inflammatory processes[35]. Several PPARα activators were shown to decrease 

endothelial dysfunction and atherogenesis[36]. Thus, the observed upregulation of 

PPARα (24 hours) induced by POA could be partially responsible for the anti-

inflammatory effect of this FA in TNFα stimulated ECs. In accordance with this 

observation, POA has been described as a PPARα activator[14, 37], and several of this 

FA’s beneficial metabolic effects, such as increased activity of adipose tissue lipase 

and improved glucose uptake in liver, have been attributed to PPARα activation [37].  

The main transcription factor that induces the expression of genes encoding 

adhesion molecules, COX-2 and pro-inflammatory cytokines (TNFα, IL-6, MCP-1 and 

IL-8) is NFB [38]. In accordance with this, we observed that TNFα stimulated NFκB and 

COX-2 gene expression, as well as upregulating the expression of the genes encoding 

the cytokines MCP-1 and IL-6. Interestingly, although PA did not modulate NFκB 

expression significantly, pre-incubation with this FA increased even more the 

expression of COX-2, MCP-1 and IL-6 genes in response to TNF, consistent with the 

endothelial dysfunction previously described [3]. 
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POA showed another important anti-inflammatory role besides the reduced 

production of cytokines and decreased surface expression of ICAM-1, downregulating 

NFκB and other inflammatory genes (COX-2, MCP-1 and IL-6) stimulated by TNFα. 

Consistent with these observations, POA was associated with better endothelial 

function in  healthy subjects [39], and in patients with high cardiometabolic risk [40], and 

POA treatment decreased foam cell plaques and necrotic areas in the aorta of mice fed 

on a hypercholesterolemic pro-atherogenic diet [41]. 

 

5.  CONCLUSIONS 

In summary, the findings of the current study indicate that POA has anti-

inflammatory effects in EAHy926 cells compared to the other FAs studied. These 

effects seem to be mediated, at least in part, by the inhibition of NFκB gene expression 

and upregulation of PPARα. However, the mechanisms involved need further research 

to elucidate the full potential of POA as a new approach in atherosclerosis prevention 

and treatment. 
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