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 Abstract: Conjugated linoleic acid (CLA) isomers have been shown to possess anti-atherosclerotic properties, 14 
which may be related to the downregulation of inflammatory pathways in different cell types, including en- 15 
dothelial cells (ECs). However, whether different CLA isomers have different actions is not entirely clear, 16 
with inconsistent reports to date. Furthermore, in cell culture studies, CLAs have often been used at fairly 17 
high concentrations. Whether lower concentrations of CLAs are able to affect EC responses is not clear. The 18 
aim of this study was to evaluate the effects of two CLAs (cis-9, trans-11 (CLA9,11) and trans-10, cis-12 19 
(CLA10,12)) on inflammatory responses of ECs. ECs (EA.hy926 cells) were cultured under standard condi- 20 
tions and exposed to CLAs (1 to 50 μM) for 48 h. Then, the cells were cultured for a further 6 or 24 h with 21 
tumour necrosis factor alpha (TNF-α, 1 ng/mL) as an inflammatory stimulant. ECs remained viable after treat- 22 
ments with 1 and 10 μM of each CLA, but not after treatment with 50 μM CLA10,12. CLAs were incorporated 23 
into ECs in a concentration-dependent manner. CLA10,12 increased the levels ICAM-1, IL-6 and RANTES in 24 
the culture medium, while CLA9,11 had null effects. Both CLAs (1 μM) decreased the appearance of NFκB1 25 
mRNA, but only CLA9,11 maintained this downregulation at 10 μM. CLA10,12 had no effect on THP-1 cell 26 
adhesion to ECs while decreasing significantly the % of ECs expressing ICAM-1 and also levels of ICAM-1 27 
expression per cell when used at 10 μM. Although CLA9,11 did not have any effect on ICAM-1 cell surface 28 
expression, it reduced THP-1 cell adhesion to the EA.hy926 cell monolayer at both concentrations. In sum- 29 
mary, CLA10,12 showed some pro-inflammatory effects, while CLA9,11 exhibited null or anti-inflammatory 30 
effects. The results suggest that each CLA has different effects in ECs under a pro-inflammatory condition, 31 
highlighting the need for evaluating the effects of CLA isomers independently. 32 

  33 
 34 
 35 
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 37 

1. Introduction 38 
 39 
Conjugated linoleic acids (CLAs) are a mixture of positional and geometric isomers 40 

of linoleic acid. The main CLA isomer found in the human diet is cis-9, trans-11 linoleic 41 
acid (CLA9,11). CLA9,11, together with several other CLA isomers, is produced naturally 42 
in the rumen of cattle and other ruminants by bacterial biohydrogenation of linoleic acid 43 
[1]. The milk, dairy products and meat of these animals are a source of CLAs, with 44 
CLA9,11 accounting for 70-80% of the total CLA content in dairy and meat products [2, 45 
3]. Consequently, CLA9,11 is the main CLA present in the human diet. It has been re- 46 
ported that humans can also endogenously produce the CLA9,11 through desaturation of 47 
trans vaccenic acid, the main ruminant trans fatty acid [4, 5]. Trans-10, cis-12 linoleic acid 48 

Citation: Valenzuela, C. A.; Baker, E. 

J.; Miles, E. A; Calder P. C. Differen-

tial inflammatory responses in cul-

tured endothelial cells exposed to 

two conjugated linoleic acids under 

a pro-inflammatory condition. Int. J. 

Mol. Sci. 2022, 23, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Firstname Last-

name 

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 
 

mailto:e.a.miles@soton.ac.uk


Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 16 
 

 

(CLA10,12) is a more minor constituent of foods than CLA9,11. However, CLA supple- 49 
ments, which are mainly produced from sunflower oil, which is rich in linoleic acid, typ- 50 
ically contain a 50:50 mixture of CLA9,11 and CLA10,12. Both these CLA isomers are bio- 51 
active and since the 1980s, different studies have frequently shown positive effects of 52 
CLAs in cancer, inflammation, obesity, glucose homeostasis, atherosclerosis, among oth- 53 
ers. These studies are mainly performed in vitro and in animal models [6-10]. However, 54 
effects of CLA isomers, alone or together, in humans are inconsistent and the mechanisms 55 
of action are still unclear [2, 11]. 56 

Atherosclerosis is the disease that results from the formation of atheromatous 57 
plaques within the arterial wall causing thickening or hardening [12]; it plays a key role 58 
in the progression of cardiovascular diseases including coronary heart disease and stroke, 59 
which are still among the leading causes of death globally [13]. Inflammation of the vas- 60 
cular endothelium is an important contributor to the initiation and progression of athero- 61 
sclerosis [14-16].  62 

The vascular endothelium can be modulated by components of the diet such as fatty 63 
acids and this modulation has implications for vascular-related diseases such as athero- 64 
sclerosis. Some in vitro studies have reported anti-inflammatory effects of CLAs in endo- 65 
thelial cells (ECs) such as the commonly used human umbilical vein endothelial cells (HU- 66 
VECs) [17-19]. In contrast, studies in mice show that dietary CLA10,12 increases the ex- 67 
pression and circulating levels of inflammatory mediators and macrophage infiltration 68 
into adipose tissue [20, 21]. Clinical trials also show inconsistent results, with some studies 69 
reporting that CLA10,12 may have pro-inflammatory effects, compared to CLA9,11 [22- 70 
25], while other studies show no effects and no differences between the CLAs [26, 27].  71 

There is some evidence suggesting that CLA9,11 and CLA10,12 have different effects 72 
on inflammation, but this is uncertain and in vitro studies have used high concentrations 73 
of the CLAs. Whether lower concentrations of CLAs are able to affect inflammatory re- 74 
sponses of ECs is not clear. The aim of this study was to evaluate the effects of two CLAs 75 
(CLA9,11 and CLA10,12) used at lower concentrations than in many previous in vitro 76 
studies on inflammatory responses by cultured ECs. 77 

 78 
2. Results 79 
2.1. Viability of EA.hy926 cells incubated with TNF-α and FAs 80 

Viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo- 81 
lium bromide (MTT) assay which assesses metabolic integrity. Neither TNF-α (1 ng/mL 82 
for 24 h) nor any of the three FAs tested at concentrations of 1 and 10 μM affected the 83 
viability of EA.hy926 cells (Figure 1). However, at a concentration of 50 μM, CLA10,12 84 
reduced viability. Therefore, further experiments did not use FAs at concentrations above 85 
10 μM. 86 

Figure 1. Viability of EA.hy926 cells after preincubation for 48 h with supplemented DMEM containing 0.1% of ethanol (Control) 87 
or different concentrations (1, 10 or 50 μM) of linoleic acid (A), cis-9, trans-11 linoleic acid (B), trans-10, cis-12 linoleic acid (C), 88 
followed by incubation with (+) or without (-) TNF-α (1 ng/mL) for 24 h: TNF-α(-) (black bars) refers to cells cultured in the 89 
absence of TNF-α while TNF-α(+) (hatched bars) refers to cells cultured with TNF-α. Bars are mean ± SD of 9 samples from 3 90 
experiments. Data were analysed using two-way ANOVA with Tukey’s post-hoc test. ****p<0.0001 vs Control. 91 
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2.2. FA incorporation into EA.hy926 cells 92 
Incorporation of each of the studied FAs into EA.hy926 cells increased as their con- 93 

centration in the culture medium increased from 1 to 10 μM (Figure 2). CLA10,12 was 94 
incorporated in a higher amount (at least 50% more) than CLA9,11. 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 
 103 
 104 

Figure 2. Incorporation of FAs into EA.hy926 cells incubated for 48 h with DMEM containing 0.1% 105 
of ethanol (Control) or different concentrations (1 or 10 μM) of linoleic acid (A), cis-9, trans-11 lino- 106 
leic acid (B), trans-10, cis-12 linoleic acid (C). Bars are mean ± SD of 6 to 9 samples from 3 experi- 107 
ments. Data were analysed using one-way ANOVA with Tukey’s post hoc test and represent the 108 
total amount of each fatty acid in the cells across all lipids present. *p<0.05; **p<0.01; ****p<0.0001; 109 
where asterisks are shown immediately above a bar they refer to dfference from Control and where 110 
asterisks are shown above a horizontal line they refer to differences between the two groups indi- 111 
cated by that line. 112 

2.3. Effects of FAs on the levels of inflammatory mediators produced by ECs 113 
Pre-incubation of EA.hy926 cells with any of the FAs tested prior to TNF-α stimula- 114 

tion did not induce changes in the supernatant levels of monocyte chemoattractant protein 115 
(MCP)-1 compared to control (i.e. TNF-α without any FA pre-incubation) (Figure 3(A)).  116 

Pre-incubation with CLA10,12 at 1 μM produced a significant increase (p<0.01) in the 117 
supernatant levels of intercellular adhesion molecule (ICAM)-1, compared to control (Fig- 118 
ure 3(B)). 119 

Pre-incubation with LA at 1 μM decreased supernatant IL-6 levels, behaving signifi- 120 
cantly different from CLA10,12, while at 10 μM, CLA10,12 produced a significant increase 121 
in IL-6 levels in the supernatant compared to control, LA and CLA9,11 (p<0.0001, p<0.001 122 
and p<0.0001, respectively) (Figure 3(C)). 123 

CLA pre-treatments did not induce significant changes in supernatant IL-8 levels 124 
compared to control, although pre-treatment with LA at 1 μM resulted in a significant 125 
increase in IL-8 levels in the supernatant compared to control and 10,12CLA (both p<0.05) 126 
(Figure 3(D)). 127 

For regulated upon activation, normal T cell expressed and presumably secreted 128 
(RANTES), pre-incubation with CLA10,12 at both concentrations induced a significant in- 129 
crease compared to control (p<0.0001 and p<0.001, respectively), behaving differently 130 
from LA and CLA9,11 (Figure 3(E)). 131 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 16 
 

 

 132 
Figure 3. Concentrations (% of control) of MCP-1 (A), ICAM-1 (B), IL-6 (C), IL-8 (D) and RANTES 133 
(E) in the medium of EA.hy926 cells preincubated for 48 h with DMEM containing 0.1% of ethanol 134 
(Control) or FA at 1 or 10 μM, followed by incubation with TNF-α (1 ng/mL) for 24 h. Bars are mean 135 
± SD of 9 samples from 3 experiments. Data were analysed using one-way ANOVA with Tukey’s 136 
post hoc test. *p<0.05; **p<0.01; ***p<0.001; **** p<0.0001; where asterisks are shown immediately 137 
above a bar they refer to dfference from Control and where asterisks are shown above a horizontal 138 
line they refer to differences between the two groups indicated by that line. LA = linoleic acid, 139 
CLA9,11 = cis-9, trans-11 linoleic acid, CLA10,12 = trans-10, cis-12 linoleic acid. 140 

2.4. Effects of FAs on the expression of inflammation-related genes  141 
Pre-incubation with both CLAs at 1 μM induced a significant reduction in the relative 142 

expression of NFκB1 gene compared to control (p<0.01), acting differently from LA 143 
(p<0.05 and p<0.01, respectively) (Figure 4(A)). When used at 10 μM only CLA9,11 sus- 144 
tained this effect (p<0.01).  145 

None of the FAs used, at either concentration, induced significant changes in the rel- 146 
ative gene expression of IκBα, in comparison to control. However, when used at 1 μM, 147 
LA behaved significantly different from CLA10,12 (Figure 4(B)).  148 

Pre-incubation with CLA10,12 increased the mRNA levels of IκK-β when used at 1 149 
μM. LA had the opposite effect at both concentrations used, decreasing the expression of 150 
IκK-β gene. CLA9,11 had no effect at either concentration (Figure 4(C)). 151 
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Pre-incubation with the FAs tested did not induce significant changes in PPAR-α 152 
gene expression following TNF-α stimulation, although CLA10,12 tended to increase it, 153 
behaving significantly differently than CLA9,11 and LA at 10 μM (Figure 4(D)).  154 

Both CLAs at 1 and 10 μM, but particularly CLA9,11, tended to increase the mRNA 155 
levels of PTGS2 the gene encoding COX-2, although the effects were not statistically sig- 156 
nificant (Figure 4(E)). 157 

Pre-incubation with the CLAs did not induce changes in IL-6 gene expression (Figure 158 
4(F)).  159 

 160 

 161 
Figure 4. Expression of NFκB1 (A), NFκBIA (for IκBα, B), IκBKB (for IκK-β, C), PPAR-α (D), PTGS2 162 
(E) and IL-6 (F) genes in EA.hy926 cells preincubated for 48 h with 1 and 10 μM of FA in DMEM 163 
containing 0.1% of ethanol (Control) followed by incubation with TNF-α (1 ng/mL) for 6 h. Cq val- 164 
ues were normalized by the geometric mean of reference targets (RPL13A and CYC1 genes). Bars 165 
are mean ± SD of 9 samples from 3 experiments. Data were analysed using one-way ANOVA with 166 
Tukey’s post-hoc test. *p<0.05, **p<0.01; where asterisks are shown immediately above a bar they 167 
refer to dfference from Control and where asterisks are shown above a horizontal line they refer to 168 
differences between the two groups indicated by that line. LA = linoleic acid, CLA9,11 = cis-9, trans- 169 
11 linoleic acid, CLA10,12 = trans-10, cis-12 linoleic acid. 170 

2.5. Effects of FAs on THP-1 adhesion to EA.hy926 cells  171 
Pre-incubation of EA.hy926 cells with either LA or CLA9,11 at 1 μM decreased ad- 172 

hesion of THP-1 cells compared to stimulated control cells (p<0.05) (Figure 5(A)), with a 173 
more pronounced effect when used at 10 μM (Figure 5 (B), p<0.0001 and p<0.01, respec- 174 
tively). CLA10,12 had no effect on THP-1 adhesion.  175 

 176 
 177 
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 178 
Figure 5. Adhesion of THP-1 cells (% of control) to EA.hy926 cells incubated for 48 h with DMEM 179 
containing 0.1% of ethanol (Control) or different concentrations (1 μM (A), 10 μM (B)) of FA, fol- 180 
lowed by incubation with TNF-α (1 ng/mL) for 24 h and then 1 h co-incubation with THP-1 cells. 181 
Bars are mean ±SD of 9 samples from 3 experiments. Data were analysed using one-way ANOVA 182 
with Tukey post-hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; where asterisks are shown im- 183 
mediately above a bar they refer to dfference from Control and where asterisks are shown above a 184 
horizontal line they refer to differences between the two groups indicated by that line. LA = linoleic 185 
acid, CLA9,11 = cis-9, trans-11 linoleic acid, CLA10,12 = trans-10, cis-12 linoleic acid. 186 

Images taken under the fluorescence microscope agree with the quantitative results, 187 
showing a lower number of THP-1 monocytes (green spots) when ECs were pre-incubated 188 
with LA and CLA9,11 (Figure 6(B) and 6(C)). 189 

 190 
Figure 6. Images of THP-1 cell adhesion to EA.hy926 cells. Adhesion of THP-1 cells to EA.hy926 cells 191 
without pre-incubation with FA (control (A)) or with 48 h prior exposure to 10 μM linoleic acid (B), 192 
cis-9, trans-11 linoleic acid (C), trans-10, cis-12 linoleic acid (D), followed by incubation with TNF-α 193 
(1 ng/mL) for 6 h and then 1 h co-incubation with calcein labelled THP-1 cells. Attached THP-1 cells 194 
were visualised by fluorescence microscopy (Nikon Elipse Ti) at a magnification of 100 x under 195 
transmitted light. 196 

2.6. Effects of FAs on the expression of ICAM-1 on the surface of EA.hy926 cells 197 
Incubation of EA.hy926 cells with TNF-α significantly up-regulated cell surface 198 

ICAM-1 expression [28]. 199 
Pre-incubation with CLA9,11 at either 1 or 10 μM produced no change in either % of 200 

ECs expressing ICAM-1 or in the levels of ICAM-1 expression per cell (Figure 7), behaving 201 
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similar to control. CLA10,12 induced an increase in the % of cells expressing ICAM-1 202 
when used at 1 μM (Figure 7(A), p<0.01), behaving significantly differently from CLA9,11 203 
and LA at that concentration (p<0.001), while inducing a significant reduction both in % 204 
of ECs expressing ICAM-1 and in the levels of ICAM-1 expression per cell when used at 205 
10 μM (Figure 7(B) and 7(D), p<0.05 and p<0.01, respectively).   206 

 207 
Figure 7. Cell surface expression of ICAM-1 as % of EA.hy926 cells gated (∆ change, % of control) 208 
(A and B) and as median fluorescence intensity (MFI, % of control) (C and D) after preincubation 209 
for 48 h with DMEM containing 0.1% ethanol (Control) or different concentrations (1 μM and 10 210 
μM) of FA, followed by incubation with TNF-α (1 ng/mL) for 6 h. Bars are mean ±SD of 9 samples 211 
from 3 experiments. Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 212 
*p<0.05; **p<0.01; where asterisks are shown immediately above a bar they refer to dfference from 213 
Control and where asterisks are shown above a horizontal line they refer to differences between the 214 
two groups indicated by that line. LA = linoleic acid, CLA9,11 = cis-9, trans-11 linoleic acid, CLA10,12 215 
= trans-10, cis-12 linoleic acid. 216 

3. Discussion 217 
This study examined the effects of CLA9,11 and CLA10,12 at concentrations of 1 and 218 

10 μM on inflammatory responses of ECs in comparison to their all-cis-isomer, linoleic 219 
acid, and a control with no additional FA. The two CLA isomers were shown to have 220 
different effects on EC responses to an inflammatory stimulant when they were used at 221 
these low concentrations. CLA10,12 had a number of pro-inflammatory effects while 222 
CLA9,11 had either null or anti-inflammatory effects. CLAs were dissolved in ethanol 223 
prior to addition to cultures: the final ethanol concentration in all cultures was 0.1%. This 224 
concentration of ethanol had no effect on any of the outcomes reported from this study 225 
(data not shown).  226 

The involvement of different trans fatty acids, including trans vaccenic acid and CLA 227 
isomers, in the modulation of inflammatory processes is not fully understood [29, 30]. In 228 
the current study, CLA10,12 increased the concentrations of ICAM-1, RANTES and IL-6 229 
in the supernatant of ECs after TNF-α stimulation, suggesting that CLA10,12 increases the 230 
production of those inflammatory mediators. CLA9,11 had no effect on any of the inflam- 231 
matory mediators measured. In terms of gene expression, both CLAs decreased the 232 
mRNA appearance of NFκB1 after TNF-α stimulation when used at 1 μM, but only 233 
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CLA9,11 maintained this downregulation at 10 μM. This could be considered as an anti- 234 
inflammatory effect, if decreased gene expression resulted in less NFκB protein being pro- 235 
duced. Paradoxically, at a concentration of 1 μM, CLA10,12 also induced increased ex- 236 
pression of the gene encoding IκKβ, which may lead to the activation NFκB pathway if it 237 
translates into more IκKβ protein being produced. The levels of these proteins were not 238 
assessed in the current study. CLA10,12 pre-treatment of ECs had no effect on THP-1 ad- 239 
hesion, although it significantly decreased the % of ECs expressing the adhesion molecule 240 
ICAM-1 and also levels of ICAM-1 expression per cell when used at 10 μM. This observa- 241 
tion suggests that EC ICAM-1 is not involved in adhesion of monocytes. The observations 242 
that CLA10,12 promotes some inflammatory responses but not others suggest that 243 
CLA10,12 has a complex modulatory role in the inflammatory response of ECs, probably 244 
through different and maybe opposing mechanisms. The lower expression of ICAM-1 on 245 
the EC surface after treatment with CLA10,12 may be linked to the higher concentration 246 
of (soluble) ICAM-1 observed in the culture medium of those cells. CLA10,12 may act to 247 
promote cleavage of ICAM-1 from the cell surface meaning that ICAM-1 is released from 248 
the cell surface into the culture medium. 249 

In the case of CLA9,11, some anti-inflammatory effects were observed including de- 250 
creased NFκB1 gene expression and decreased adhesion of THP-1 cells to ECs. CLA9,11 251 
did not affect ICAM-1 expression on ECs. Since CLA9,11 decreased adhesion but not 252 
ICAM-1 expression, this again indicates that ICAM-1 is not involved in THP-1 binding to 253 
ECs. The effect of CLA9,11 on expression of other candidate adhesion molecules such as 254 
vascular cell adhesion molecule 1 (VCAM-1) should be explored in future research.  255 

Differential effects of CLA isomers have also been reported by others. In healthy post- 256 
menopausal women, supplementation with CLA10,12 caused higher plasma levels of C- 257 
reactive protein (CRP), fibrinogen, and plasminogen activator inhibitor-1 (PAI-1) and 258 
higher concentrations of a urinary marker of lipid peroxidation, compared to CLA9,11 259 
and the olive oil, although, plasma levels of IL-6, sVCAM-1, sICAM-1, MCP-1, and TNF- 260 
α were not different between the groups [22]. Other studies have also reported increased 261 
CRP after CLA10,12 or a mix of CLAs including CLA10,12, in obese men with metabolic 262 
syndrome [23], obese adults [24] or healthy adults [25]. Nevertheless, the evidence for pro- 263 
inflammatory effects of CLA10,12 in humans is not consistent. A supplementation study 264 
in healthy young adults with CLA9,11 or CLA10,12 for 8 weeks showed that neither of 265 
the isomers affected lymphocyte subpopulations, serum concentrations of CRP or ex vivo 266 
cytokine production by peripheral blood mononuclear cells (PBMCs) in response to dif- 267 
ferent inflammatory stimuli [31, 32]. Only some differences in blood lipids and in the ex- 268 
pression of ICAM-1 on monocytes were observed [31, 32]. In the latter study, there was a 269 
suggestion of fewer ICAM-positive monocytes in the blood after CLA10,12, which paral- 270 
lels the effects seen in the current study for CLA10,12 and EC ICAM-1. Ramakers et al. 271 
found no effects on ex vivo cytokine production by isolated PBMCs or by PBMCs present 272 
in whole blood when stimulated with lipopolysaccharide (LPS) from a small sample of 273 
moderately overweight subjects at increased risk for coronary heart disease, after daily 274 
consumption of 3 g of CLA9,11 or CLA10,12 in an enriched dairy product for 13 weeks 275 
[26]. Another study testing a CLA-enriched butter for 5 weeks showed increases in lipid 276 
peroxidation but no effects on plasma total-, LDL-, and HDL-cholesterol and triglycerides, 277 
or inflammatory and haemostatic risk markers, nor in fasting insulin and glucose concen- 278 
trations, in healthy young men [33].  279 

In an animal model of ApoE-/- mice, the development of atherosclerotic lesions was 280 
reduced by a CLA9,11 supplemented diet, while a CLA10,12 supplemented diet resulted 281 
in pro-atherogenic effects [34]. The authors also reported that the mice fed CLA9,11 had 282 
stabilized plaques with higher content of smooth muscle cells and collagen than the 283 
CLA10,12 fed group. In the animals fed with CLA10,12, the fibrous cap was replaced by 284 
an acellular mass with higher macrophage content and activation underneath the plaques. 285 
The authors suggested that the two isomers displayed a different capacity to repress or 286 
accelerate the progress of atherosclerosis in that animal model [34]. It appears from the 287 
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observations that these effects were based around inflammation. In contrast, a recent 288 
study in ApoE-/- mice fed with a high fat and high cholesterol diet showed that a 80/20 289 
CLA blend (CLA9,11 and CLA10,12, respectively) limited atherosclerosis progression by 290 
promoting an increase in the anti-inflammatory M2 macrophage phenotype [35]. The high 291 
proportion of CLA9,11 vs CLA10,12 resembles the ratio in which they are naturally pro- 292 
duced. 293 

In C57BL/6J female mice, the administration of CLA10,12 by gavage at a dose of 20 294 
mg/day for 7 days led to the upregulation of TNF-α, MCP-1 and IL-6 gene expression in 295 
white adipose tissue (WAT) without affecting their plasma levels, together with macro- 296 
phage infiltration into WAT, upregulation of SOCS3 and downregulation of PPAR-γ gene 297 
expression in WAT [21]. Another study, using diets enriched with a mix of CLA10,12 with 298 
linoleic acid (50/50), a mix of CLA10,12 with CLA9,11 (50/50) or linoleic acid alone as a 299 
control in young male mice for 6 weeks, showed that the intermediate and higher intakes 300 
of CLA10,12 reduced adiposity, increased plasma levels of MCP-1 and IL-6 and increased 301 
liver steatosis [20]. Again, these animal studies strongly suggest that CLA10,12 has pro- 302 
inflammatory effects, as seen in the current study. Some in vitro studies also agree with 303 
this conclusion. Goua et al. [14] showed that CLA10,12 and a CLA mix (CLA10,12 and 304 
CLA9,11) reduced ICAM-1 and VCAM-1 expression on HUVECs, although only the CLA 305 
mix (with CLA9, 11) used at 25 μM was able to decrease NFκB activity (by 30%) in both 306 
HUVECs and smooth muscle cells treated with TNF-α. Poirier et al. [17] showed that 307 
when 3T3-L1 adipocytes were exposed to CLA10,12, there was increased nuclear localiza- 308 
tion of the p65 subunit of NFκB, upregulation of IL-6 gene expression and secretion, 309 
downregulation of the PPAR-γ gene and protein and upregulation of SOCS3 mRNA lev- 310 
els. Once again, this study suggests pro-inflammatory effects of CLA10,12. 311 

In terms of the mechanism of action of the CLAs, it seems feasible that the NFκB 312 
pathway is involved, together with PPAR-α and -γ. CLA10,12 tended to upregulate PPAR- 313 
α gene expression and decreased NFκB1 gene expression in the current study. It is known 314 
that PPAR-α can negatively regulate pro-inflammatory gene expression by antagonizing 315 
the activities of other transcription factors, including NFκB [36]. However, these effects 316 
on the NFκB or PPAR-α pathways seem unlikely to explain how CLA10,12 resulted in 317 
increased production of ICAM-1, RANTES and IL-6. CLA9,11 also decreased NFκB1 gene 318 
expression, although this did not link with decreased production of inflammatory cyto- 319 
kines. It might however link to the reduced adhesion of THP-1 monocytes, especially if 320 
altered expression of one or more unidentified adhesion molecules was involved in that 321 
effect.   322 

FAs can affect inflammatory processes through multiple candidate mechanisms [37, 323 
38]. They can act directly through the PPAR system, since PPARs are cytosolic FA recep- 324 
tors, and this mechanism of action has been reported for some CLAs [39, 40]. As descried 325 
earlier, PPARs can antagonize NFκB [36]. However FAs can also influence the signalling 326 
pathway that activates NFκB; this is most well described for omega-3 FAs. Eicosapentae- 327 
noic acid and docosahexaenoic acid (DHA) are both described to inhibit activation of 328 
NFκB in several cell types including dendritic cells [41, 42], monocytes [43, 44], macro- 329 
phages [45] and ECs [46], so decreasing its nuclear translocation. Detailed strudies with 330 
DHA in dendritic cells and macrophages identified that the inhibition of NFκB activation 331 
in response to LPS, which involved decreased phosphorylation of IκB, stemmed from 332 
membrane-mediated events [41, 42, 45]. DHA was shown to prevent the formation of lipid 333 
rafts in the plasma membrane in response to LPS stimulation [42, 45 ], the result of which 334 
was an inability to assemble the earliest signaling platforms that ultimately activate IκBK 335 
and NFκB. This research indicates that actions exerted in the plasama membrane ulti- 336 
mately can have their effects in the nucleus. DHA seems to be quite potent as a raft dis- 337 
rupter because of its unique physical structure that results from its long carbon chain (22 338 
carbons) and hgh degree of unsaturation (6 double bonds) [47]. Hence, incorporation of 339 
DHA into the plasma membrane induces physical changes that influence membrane-me- 340 
diated responses to cell stimulation. Interestingly some saturated fatty acids seem to have 341 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 16 
 

 

the opoosite effect in macrophages where they act to promotre raft formation in response 342 
to LPS, so increasing inflammatory responses [42,45]. By definition CLAs have an unusual 343 
structural feature: the presence of a conjugated double bond. This may give CLAs mem- 344 
brane modifying properties, with the two CLAs (and LA) having different effects because 345 
of the subtle differences in their structures. Subbaiah et al. [48] reported different patterns 346 
of incorporation of LA and different CLAs into phospholipids in cultured Chinese ham- 347 
ster ovary cells and HepG2 cells, with significant incorporation of CLAs into lipid rafts. 348 
CLA10,12 but not CLA9,11 increased the cholesterol content of lipid rafts. Another study 349 
[49] identified that CLA9,11 altered membrane cholesterol distribution and raft formation 350 
in colorectal adenocarcinoma HT-29 cells and that this was linked with decreased nuclear 351 
translocation of the epidermal growth factor receptor. The authors concluded that 352 
CLA9,11 modified membrane structure altering cell signalling, effects associated with li- 353 
pid raft modification. These studies suggest that biological activities of CLAs might be 354 
driven by membrane-mediated actions. Modulation of lipid rafts has been suggested to 355 
be one mechansns by which trans FAs affect inflammation [50, 51]. Given the findings of 356 
the current study (i.e differential effects of CLA9,11 and CLA10,12 on inflammatory re- 357 
sponses in ECs) it seems important to explore the effects of different CLAs on membranes, 358 
including lipid rafts, further.             359 

Regarding the limitations of this study, some are inherent with the use of an in vitro 360 
model to mimic a (patho)physiological process. Even though it is not possible to confi- 361 
dently extrapolate the observations made in this EC model to what happens in the com- 362 
plexity of interactions resulting in a health outcome (atherosclerosis) in humans, in vitro 363 
models are useful for understanding the mechanisms involved in the biological effects of 364 
compounds such as FAs. In this case, HUVECs have been widely used as a model to study 365 
the inflammatory response of the endothelium and the effects of FAs. These cells respond 366 
to inflammatory stimuli in a very similar way to other human ECs, such as those derived 367 
from the aorta and coronary artery [52]. Other limitations of the current work include that 368 
proteins of the NFκB signalling pathway, EC membrane properties and adhesion mole- 369 
cules other than ICAM-1 were not measured.  370 

On the other hand, the study has several strengths. One of these is the consistent 371 
checking of FA concentrations in the culture medium before performing every set of ex- 372 
periments. This is rarely done, but is important when PUFAs, especially those with conju- 373 
gated double bonds, are used because they can be unstable and prone to oxidation. Con- 374 
sistently checking the concentration gave confidence that the desired FA concentrations 375 
were used. Other strengths include the use of low (physiological) concentrations of FAs. 376 
FAs were added to the culture medium as non-esterified fatty acids (NEFAs). In healthy 377 
humans the fasting plasma or serum NEFA concentration is typically about 600 μM. 378 
Burdge et al. [53] reported the contribution of CLA9,11 and CLA10,12 to the plasma NEFA 379 
pool in healthy young men prior to and after using supplements of CLA9,11 and CLA10,12. 380 
They showed that CLA9,11 contributes on average 0.35% of FAs in the fasting NEFA pool. 381 
This would be an approximate concentration of 2 μM. After supplementation with 2.4 g 382 
CLA9,11 daily for 8 weeks the contribution increased to 0.69% which would be an approx- 383 
imate concentration of 4 μM. Hence the concentrations of 1 and 10 μM CLA9,11 used in 384 
the current study are relevant to the human setting. CLA10,12 contributed 0.03% and 385 
0.28% of NEFAs before and after CLA10,12 supplementation, respectively [53]. Those con- 386 
tributions would be approximate concentrations of 0.2 and 1.7 μM, respectively, so again 387 
the concentrations of CLA10,12 used in the current study have some relevance to the hu- 388 
man setting. Most other in vitro studies of CLAs use much higher concentrations than used 389 
in the current study (e.g. 12.5, 25 and 50 μM in [14]; 50 μM in [17]; 100 μM in [15), these 390 
concentrations having less relevance to the human situation. Thus our findings are an im- 391 
portant contribution to the literature since we used more physiological concentrations of 392 
CLAs. It is important to note that CLAs also circulate in the bloodstream in esterified form 393 
such as in triglycerides, phospholipids and cholesteryl esters [53]; thus the total plasma or 394 
serum concentration of CLAs, especially CLA9,11, is much higher than the concentrations 395 
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used in the current study. The current study used the MTT test to allow the identification 396 
of FA concentrations that were able to induce loss of viability of the ECs being used. Fi- 397 
nally, incorporation of both CLAs being used into the ECs was confirmed; this incorpora- 398 
tion was concentration dependent for both CLAs.  399 

In conclusion, the results of the current study suggest differential effects of CLA9,11 400 
and CLA10,12 on inflammatory responses of ECs when the fatty acids are used at physi- 401 
ologically-relevant concentrations. CLA10,12 showed several pro-inflammatory effects 402 
but also displayed some effects that could be interpreted as anti-inflammatory. On the 403 
other hand, CLA9,11 had null or anti-inflammatory effects. These findings suggest a com- 404 
plex modulatory role of CLAs in regulating EC inflammation. The exact signalling path- 405 
ways affected by these two CLA isomers need further exploration. 406 

4. Materials and Methods 407 
4.1. Endothelial Cell Model 408 

EA.hy926 cells (American Type Culture Collection, LGC Standards, Teddington, UK) 409 
were cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM) supple- 410 
mented with 10% fetal bovine serum, 1% L-glutamine-penicillin-streptomycin solution, 411 
and 1% HAT (100 μM hypoxanthine, 0.4 μM aminopterin and 16 μM thymidine); medium 412 
and supplements were purchased from Sigma-Aldrich (Gillingham, UK). Cultures were 413 
maintained at 37 °C in humidified 95% air and 5% CO2. Before their use in experiments, 414 
cells were grown in T-175 flasks (Corning TM, Corning, NY) until confluent. 415 

4.2. Fatty Acid (FA) Treatment 416 
Cis-9, trans-11 linoleic acid (CLA9,11), trans-10, cis-12 linoleic acid (CLA10,12), and 417 

linoleic acid (all from Cayman Chemicals, Cambridge, UK) were prepared as 1, 10, and 50 418 
mM stock solutions in 100% ethanol. Before each experiment, the stock solutions were 419 
diluted in warm complete culture medium to yield final concentrations of 1, 10, and 50 420 
μM. The corresponding control was a 0.1% ethanol solution diluted in complete medium. 421 
For the experiments, EA.hy926 cells were seeded in 96-well plates (for MTT assay, ELISA 422 
and adhesion assay), 6-well plates (for RT-PCR, flow cytometry), or T25 flasks (for gas 423 
chromatography), cultured in complete medium and exposed to different FAs for 48 h. 424 
Based on the conditions optimised for studying inflammatory responses of cultured 425 
EA.hy926 cells (Figure 8), after the FA exposure period, cells were incubated with TNF-α 426 
(1 ng/mL; 20 units/mL) for 6 or 24 h, depending on the assay to be performed. 427 

 428 
Figure 8. Efect of stimulation of EA.hy926 cells with different concentrations of TNF-α on concentra- 429 
tions of interleukin-8 (IL-8; A) and monocyte chemoattractant protein-1 (MCP-1; B) in the culture 430 
medium. EA.hy926 cells were cultured with different concentrations of TNF-α (0.1 to 100 ng/mL) for 431 
different times (2, 4, 6, 12, 24, 48 h). Concentrations of IL-8 and MCP-1 were measured by ELISA (see 432 
section 4.5). Bars are mean ± SD of 3 replicates. 433 
 434 
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4.3. MTT Assay for Cell Viability 435 
Cell viability was assessed as metabolic integrity using the 3-(4,5-dimethylthiazol-2- 436 

yl)-2,5-diphenyltetrazolium bromide (MTT) assay which measures cellular mitochondrial 437 
activity. After the treatments, supernatant was removed and replaced with DMEM con- 438 
taining 0.05 mg/mL MTT (Sigma-Aldrich) (100 μL/well) and samples incubated at 37 °C 439 
for 4 h. Supernatants (75 μL) were removed and 75 μL of dimethylsulphoxide (Sigma- 440 
Aldrich) added. Absorbance was measured at 540 nm on a plate reader. The effects of FAs 441 
and TNF-α on cell viability were normalized to control (i.e., no FA or TNF-α, 0.1% ethanol) 442 
cultures (100%). 443 

4.4. Gas Chromatography 444 
The FA concentrations and the FA composition of EA.hy926 cells after culture with 445 

the FAs of interest were determined using gas chromatography. For FA concentration 446 
testing, each FA was diluted in full warm medium from the respective stock in 100% eth- 447 
anol. For FA incorporation, cells were seeded in T25 flasks (Corning TM, Corning, NY) (5 448 
× 105 cells/mL) and incubated for 48 h with each FA at different concentrations. After- 449 
wards, the cells were inspected under the microscope, scraped off, and counted with a 450 
Beckman Coulter cell counter. EA.hy926 cells were resuspended to have 1 × 106 cells/800 451 
μL of 0.9% NaCl solution. 452 

Total lipid was extracted from resuspended cell pellets and culture medium, after 453 
adding an internal standard (C21:0), using chloroform/methanol (2:1 vol/vol) and NaCl (1 454 
M). Lipid extracts were dried under nitrogen at 40 °C and then resuspended in toluene. 455 
FAs were released from the isolated lipids and simultaneously methylated by heating 456 
with 2% sulphuric acid in methanol at 50 °C for 2 h. The resulting FA methyl esters 457 
(FAMEs) were extracted into hexane and then separated and analysed by gas chromatog- 458 
raphy using conditions described by Fisk et al. [54]. FAME histograms produced were 459 
analysed with Agilent ChemStation software. Thirty-seven FAMEs were used as standard 460 
to identify FAs according to retention time and for software calibration. FAs are expressed 461 
as μg/106 cells. 462 

4.5. Multiplex Magnetic ELISA 463 
Cell culture supernatants were assayed by Human Magnetic Luminex Screening As- 464 

say ELISA (R&D Systems, Minneapolis, MN, USA) to measure the concentration of in- 465 
flammatory factors monocyte chemoattractant protein (MCP)-1, interleukin (IL)-6, IL-8, 466 
regulated upon activation, normal T cell expressed and presumably secreted (RANTES), 467 
and intercellular adhesion molecule (ICAM)-1. EA.hy926 cells were incubated with the 468 
FAs in 96-well flat-bottomed plates (Corning TM, Corning, NY) (1 × 104 cells/100 μL per 469 
well) for 48 h and then incubated with TNF-α for a further 24 h. Before the supernatants 470 
of each well were collected and stored at −80 °C until analysis, the cells were checked 471 
under the microscope. Assays were conducted in accordance with the instructions from 472 
the manufacturer. Plates were analysed on a calibrated Bio-Plex 200 analyser using Bio- 473 
Plex software (version 6.1, Bio-Rad Laboratories Inc., Berkeley, CA). Lower limits of de- 474 
tection (pg/mL) were IL-6, 1.7; IL-8, 1.8; MCP-1, 9.9; RANTES, 1.8; ICAM-1, 87.9. Due to 475 
differences in the ranges of fluorescence values among experiments, the results are pre- 476 
sented as % of control. 477 

4.6. RNA Isolation, cDNA Synthesis, and Real-Time PCR 478 
Changes in relative gene expression were analysed by RT-PCR. EA.hy926 cells were 479 

cultured in 6-well plates (Corning TM, Corning, NY) (cell density of 6 x 105 cells/mL) with 480 
FAs for 48 h followed by incubation with TNF-α (1 ng/mL) for 6 h. Taqman Gene Expres- 481 
sion Primers (ThermoFisher Scientific, Waltham, MA, USA) were used to determine the 482 
expression of nuclear factor kappa B subunit 1 (NFκB1) (Hs00765730_m1), inhibitor sub- 483 
unit of kappa B, alpha (IκBα) (Hs00355671_g1), inhibitor of nuclear factor kappa B kinase 484 
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subunit beta (IκKβ) (Hs00233287_m1), cyclooxygenase (COX)-2 (Hs00153133_m1), and IL- 485 
6 (HS00985639_m1). Total RNA was extracted from the cells using the ReliaPrep RNA cell 486 
Miniprep System (Promega, Southampton, UK). RNA quantity and quality were analysed 487 
by NanoDrop. Analysis of RNA using an Agilent Bioanalyzer (RNA Total Eukaryote 2100 488 
Nano) was performed to determine RNA integrity through RIN scores. cDNA was syn- 489 
thesised from total RNA using GoScript Reverse Transcriptase (Promega). Housekeeping 490 
reference genes were determined using a geNorm Kit (Primerdesign, Camberley, UK). 491 
Quantification of relative gene expression was analysed using YWHAZ, (Hs01122445_g1), 492 
CYC1 (Hs00357717_m1), and RPL13A (Hs04194366_g1) as housekeeping genes. 493 

4.7. THP-1 Monocyte Adhesion Assay 494 
The adhesion of THP-1 monocytes to EA.hy926 cells was determined using the 495 

Vybrant Cell Adhesion Assay Kit (ThermoFisher Scientific). EA.hy926 cells were seeded 496 
in 96-well flat-bottomed plates (Corning TM, Corning, NY) (density of 2 × 105 cells/mL, 1 497 
× 105 cells per well). After incubation with FAs for 48 h and then with TNF-α for 6 h, cal- 498 
cein-labelled THP-1 cells (5 × 104 cells in 100 μL) were incubated with EA.hy926 cells for 1 499 
h at 37 °C. The co-cultures were carried out in high glucose DMEM supplemented with 500 
10% fetal bovine serum and 1% L-glutamine-penicillin-streptomycin solution. Non-adher- 501 
ent THP-1 cells were removed by gentle washing, 100 μL PBS added to each well and co- 502 
cultures read on the Glomax Discover System (Promega). THP-1 monocyte adhesion was 503 
measured as a percentage of control (cells incubated with TNF-α, but without prior incu- 504 
bation with FAs, and then with calcein-labelled THP-1 cells). Images of fluorescence-la- 505 
belled THP-1 monocytes bound to EA.hy926 cells were taken with a Nikon Elipse Ti using 506 
NIS elements software (version 4.30). 507 

4.8. Flow Cytometry 508 
The expression of ICAM-1 (CD54) on the surface of EA.hy926 cells was determined 509 

through flow cytometry. EA.hy926 cells were seeded in 6-well plates (Corning TM, Corn- 510 
ing, NY) (density of 6 x 105 cells/mL). After incubation with FAs for 48 h and then with 511 
TNF-α for 6 h, the cells were detached, centrifuged, and stained with PE-CyTM5-conju- 512 
gated monoclonal anti-human CD54 (BD Biosciences, San Jose, CA) diluted in staining 513 
solution (2% bovine serum albumin in PBS) for 30 min at 4 °C in darkness. Mouse IgG1 κ 514 
(PE-CyTM5) isotype was used as a negative control. After staining, cells were analysed by 515 
flow cytometry using a FACSCalibur flow cytometer (BD Biosciences). A total of 10,000 516 
events were collected. Percentage of positive cells and median fluorescence intensity 517 
(MFI) were measured. 518 

4.9. Data Analysis 519 
Data are presented as mean ± SD and were analysed by two-way analysis of variance 520 

(ANOVA) or one-way ANOVA followed by Tukey’s post hoc test for pairwise differences. 521 
Analyses were performed using GraphPad Prism 6.0. Differences were considered signif- 522 
icant when p < 0.05. 523 
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