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Introduction: Metabolic endotoxemia most often results from obesity and is accompanied by an increase in the permeability of the 
intestinal epithelial barrier, allowing co-absorption of bacterial metabolites and diet-derived fatty acids into the bloodstream. A high-fat 
diet (HFD) leading to obesity is a significant extrinsic factor in developing vascular atherosclerosis. In this study, we evaluated the 
effects of palmitic acid (PA) as a representative of long-chain saturated fatty acids (LCSFA) commonly present in HFDs, along with 
endotoxin (LPS; lipopolysaccharide) and uremic toxin indoxyl sulfate (IS), on human vascular endothelial cells (HUVECs).
Methods: HUVECs viability was measured based on tetrazolium salt metabolism, and cell morphology was assessed with fluor-
escein-phalloidin staining of cells’ actin cytoskeleton. The effects of simultaneous treatment of endothelial cells with PA, LPS, and IS 
on nitro-oxidative stress in vascular cells were evaluated quantitatively with fluorescent probes. The expression of vascular cell 
adhesion molecule VCAM-1, E-selectin, and occludin, an essential tight junction protein, in HUVECs treated with these metabolites 
was evaluated in Western blot.
Results: PA, combined with LPS and IS, did not influence HUVECs viability but induced stress on actin fibers and focal adhesion 
complexes. Moreover, PA combined with LPS significantly enhanced reactive oxygen species (ROS) production in HUVECs but 
decreased nitric oxide (NO) generation. PA also considerably increased the expression of VCAM-1 and E-selectin in HUVECs treated 
with LPS or IS but decreased occludin expression.
Conclusion: Palmitic acid enhances the toxic effect of metabolic endotoxemia on the vascular endothelium.
Keywords: metabolic endotoxemia, high-fat diet, palmitic acid, endotoxin, indoxyl sulfate

Introduction
Metabolic endotoxemia (ME) is defined as a 2–3-fold increase in plasma LPS levels that develop on a high saturated-fat 
diet.1,2 ME, in contrast with acute endotoxemia associated with a bacterial blood infection, e.g., bacteremia and sepsis, 
characterizes by the presence of low LPS levels in the blood and is associated with low-grade systemic inflammation, 
ultimately leading to the development of a range of diseases such as obesity, diabetes type 2, cardiometabolic diseases, 
non-alcoholic fatty liver disease, chronic kidney disease and many others.3,4 The gut microbiota is considered the primary 
source of endotoxin in the blood. HFD-induced ME is associated with alterations in the intestinal barrier, increasing the 
gut permeability and trafficking of endotoxin and other bacterial metabolites into circulation.2 Moreover, dietary fatty 
acids absorbed from the gut into circulation can modulate the immune system, contributing to inflammation.5 Animal and 
experimental studies demonstrated that dietary fats promote endotoxin translocation from the gut to circulation due to its 
absorption through chylomicrons formed within enterocytes.6,7 Hence, the effect of ME seems to be particularly adverse 
in obese individuals, in whom cumulative endotoxemia correlates with postprandial cumulative chylomicronemia, which 
increases with the amount of fat consumed.7 Although the level of endotoxemia occurs mainly after high-fat meals, 
frequent consumption of fats, especially LCSFA, over a long period eventually induces chronic inflammation in the 
vasculature, ultimately leading to cardiovascular diseases.8 PA is the most LCSFA, accounting for 20–30% of total fatty 
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acids in the human body. The diet provides PA exogenously, but PA is also synthesized endogenously via de novo 
lipogenesis.9 It has been demonstrated that a diet rich in LCSFA, in particular PA, increases its concentration in the blood 
leading to obesity and inflammatory responses from endothelial cells, both risk factors in the development of cardio-
vascular diseases (CAD).10 PA exerts its lipotoxicity via up-regulating the expression of adhesion molecules, i.e. VCAM- 
1 in endothelial cells (ECs), and down-regulation of endothelial nitric oxide synthase (eNOS), resulting in decreased NO 
production.11–14 Our previous study demonstrated that even low LPS concentration (<10 ng/mL) induces increased 
thrombogenicity of ECs in vitro.15 Furthermore, the adverse effect of LPS on ECs was significantly potentiated by low 
levels of IS, indicating that even trace concentrations of some bacterial metabolites in the circulation may exert 
pathological consequences on vascular endothelium.15 Since ME, apart from the presence of endotoxin in the blood, is 
also associated with elevated LCSFA levels, of which PA is a significant component, in this study, we examined the 
simultaneous effects of PA, LPS, and IS on the vascular endothelium.

Materials and Methods
Chemicals Used in the Study
HUVEC cell line (cat. No.: C0035C), Human Large Vessel Endothelial Cell Basal Medium Cat. No.: M200500), Low 
Serum Growth Supplement (LSGS; Cat. No.: S00310), and M199 were purchased in ThermoFisher Scientific, UK. 
Palmitic acid, LPS of E. coli, fatty-acid-free bovine serum albumin (BSA), IS, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) (MTT), phalloidin-conjugated with fluorescein isothiocyanate (FITC), and rat tail type 
I collagen were all purchased in Sigma Aldrich-Merck, Germany. The 2′, 7′-dichlorodihydrofluorescein diacetate (H2 

DCF-DA), diacetate-(4-amino-5-methylamino-2′,7′-difluorescein diacetate) (DAF-FM), rabbit anti-human E-selectin 
(CD62E; cat. No.: PA5-85877) and anti-human VCAM-1 (CD106; cat. No.: MA5-31965), and mouse anti-human 
occludin (Cat. No.: 33–1500), a horseradish peroxidase-conjugated secondary anti-rabbit and anti-mouse antibodies, 
bovine serum (FBS), phosphate-buffered saline (PBS; pH 7.4), and penicillin-streptomycin (PS) 100 × concentrated 
solution for cell culture were all purchased in ThermoFisher Scientific, UK.

Cell Culture
HUVEC cells were routinely cultured in Human Large Vessel Endothelial Cell Basal Medium supplemented with LSGS 
and used at early-passage numbers from 4 to 6. For all experiments, HUVEC cells were cultured overnight in a cell- 
culture plate coated with 10 µg/mL rat tail type I collagen in M199 medium supplemented in 10% FBS and 1% PS 
without any growth factors that could influence the results. Cells were maintained at 37°C in a humid atmosphere with 
5% CO2. The culture medium was changed every second day.

HUVEC Stimulation
PA was dissolved to the concentration of 1 mM in 150 mM NaCl and 0.17 mM BSA to obtain a 1 mM stock solution 
(final molar ratio 6:1), which was then diluted in a cell culture medium to 200 µM working solution. A 150 mM NaCl/ 
BSA solution dissolved in a cell culture medium served as vehicle control for HUVEC cells treated with PA alone or PA 
combined with LPS and IS. PA and vehicle control stock solutions were stored at −20°C. LPS was dissolved in cell-grade 
water to obtain a stock solution of 1 mg/mL, which was further diluted in a cell culture medium to appropriate 
concentrations. IS was diluted in PBS to a stock solution of 100 mM following dissolving in a cell culture medium to 
appropriate concentrations.

HUVEC Cell’s Viability and Morphology
The viability of HUVECs seeded into 96-well plates (5000 cells per well) and incubated overnight to 80% confluency 
and then treated for 20 h with PA alone at a concentration of 200 µM or simultaneously treated with LPS (5 ng/mL and 
50 ng/mL) and/or IS (20 µM and 200 µM) was assessed with 5 mg/mL of MTT. After incubation, the cell culture 
medium in wells was discarded and replaced with a cell culture medium containing MTT at a final concentration of 
0.5 mg/mL. Following 3 h incubation, colored formazan crystals were dissolved in DMSO, and the reaction was read at 
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570 nm in a spectrophotometer UV/VIS 340. The morphology of HUVECs growing on round glass slides in a 24-well 
culture plate and stimulated with PA, LPS, and IS, as described above, was assessed with phalloidin-FITC. HUVEC cells 
were washed three times with pre-warmed PBS and fixed with 4% buffered formalin for 10 min at room temperature. 
After four washes with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min and washed thrice with 
PBS. Then, cells were stained in the darkness for 40 min with phalloidin-FITC at 10 µg/mL in PBS. After two washes 
with PBS, DAPI (10 µg/mL) in PBS was added for 5 min to stain the nuclei of the cells. After drying, the slides were 
analyzed under a fluorescence microscope.

Determination of NO and Intracellular ROS Production
ROS and NO production in HUVEC cells treated for 4h with PA, LPS, and IS were assessed with an H2DCF-DA and 
DAF-FM diacetate fluorescence probes. H2DCF-DA probe measures intracellular ROS production, including singlet 
oxygen, superoxide, hydroxyl radicals, and various peroxide and hydroperoxides. DAF-FM detects low concentrations of 
intracellular NO. In ROS detection assays, the cells treated with 50 µM H2O2 and untreated cells served as positive and 
negative controls, respectively. After treatment, cells were washed three times with Hank’s Balanced Solution (HBSS), 
and 10 µM H2DCF-DA or DAF-FM in HBSS was added to cells for 30 min incubation at 37°C in 5% CO2 following two 
washes in HBSS. The fluorescent product was quantified with a spectrophotometer Tecan Infinite M200 plate reader at 
488/525 nm for ROS and 495/515 nm for NO quantification. Blank wells were subtracted from the treated wells to obtain 
normalized well fluorescence intensity.

Western Blotting Analysis
The expression of VCAM-1 and E-selectin and the tight-junction protein occludin was assessed via blotting. HUVECs 
stimulated for 20 h with PA, LPS, and IS, as described above, were harvested and lysed in a radioimmunoprecipitation 
(RIPA) buffer. Protease and Phosphatase Inhibitor cocktail was used directly to the cell lysis buffer (100x, added 10 µL/ 
mL). Protein concentration was determined using the Bradford assay. Equal amounts of proteins (30 μg per lane) were 
loaded onto the gels. The isolates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for 1 h at 
120 V, and the separated fractions were transferred by wet blotting to a polyvinylidene difluoride membrane. The 
membrane was incubated in Tris-buffered saline with 0.1% Tween 20 detergent and BSA (TBST-BSA) buffer (20 mmol/ 
L Tris, 137 mmol/L NaCl, pH 7.6, 0.1% Tween, 25 mg/mL BSA) at 4°C for 1.5 h. Subsequently, the membrane was 
washed with TBST (20 mmol/L Tris, 137 mmol/L NaCl, pH 7.6, 0.1% Tween) at 4°C for 10 min. The incubations with 
anti-VCAM-1 (diluted 1:500), E-selectin (diluted 1:500), and occludin monoclonal antibodies at 1 µg/mL were 
performed in TBST-BSA at 4°C for 1 h. The membrane was rewashed with TBST and incubated with the horse- 
radish peroxidase (HRP)-conjugated secondary antibody at 4°C for 30 min. The membrane was finally exposed to 3 
amino-9-ethyl carbazole (AEC), the substrate for HRP. The reaction was carried out in the presence of 30% H2O2 and 
terminated by washing with water. The relative level of protein normalized to the control derived from nontreated cells 
was determined by detecting the optical density of the bands on the electropherograms using the Image J program.

Statistical Analysis
The statistical significance of differences between means of results was determined by independent t-test and analysis of 
variance (one-way ANOVA with post hoc Tukey’s honestly significant difference) with p ≤ 0.05 considered statistically 
significant.

Results
Palmitic Acid Does Not Affect Endothelial Cells Viability
PA at 200 µM, like LPS and IS at both concentrations, did not significantly affect HUVECs viability. Although PA, 
combined with IS 20 µM and 200 µM, reduced HUVECs viability by 14.4% and 12%, respectively, compared to the 
vehicle control, the decrease did not reach statistical significance (Figure 1A). At concentrations used in the study, all 
metabolites examined individually did not significantly affect HUVECs morphology. However, HUVECs treated with PA 
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in combination with IS and LPS, used at high and low concentrations, increased F-actin stress fibers and focal adhesion 
complexes (Figure 1B).

Palmitic Acid Induces Oxidative Stress and Decreases NO Production in Endothelial 
Cells
PA significantly increased ROS production in HUVECs by over 170% (p = 0.0001) compared to vehicle control 
(Figure 2A). Similarly, LPS and IS at both concentrations significantly enhanced ROS production by over 150% (p < 
0.05) compared to untreated control cells. Simultaneous treatment of HUVECs with PA, LPS, and IS at low and high 
concentrations further increased ROS by 27.6% (p = 0.01) and 53.2% (p = 0.0009), respectively, confirming the co- 
toxicity of LPS and IS, and the role of PA in enhancing LPS- and IS-induced ROS generation in ECs.

NO levels in HUVECs treated with PA decreased by 10.6% (p = 0.03) (Figure 2B). Similarly, PA combined with IS at 
both concentrations reduced NO levels, although IS alone had no significant effect on NO production in ECs (Figure 2B). 
In contrast, LPS at both concentrations increased NO levels by 13% (p > 0.05) and 14.6% (p = 0.04) compared to the 
negative control. A combination of LPS with IS at both concentrations further increased NO levels but, when combined 
with PA, reduced it by 19.2% (p = 0.013) compared to the vehicle control, indicating that PA reduces NO generation 
in ECs.

Figure 1 (A) The viability of HUVEC cells stimulated for 20 h with PA alone or in combination with LPS and IS relative to the negative control (untreated cells) or vehicle 
control (VC; PA solvent). The results are the mean ± SD of three repeats performed in eight wells each. (B) Representative images of HUVECs morphology after treatment 
with PA alone and combined with LPS and IS. The actin cytoskeleton of endothelial cells was stained with phalloidin-FITC and the cell’s nuclei with DAPI. Fluorescence 
microscope, magnification 400x.
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Palmitic Acid Alters the Expression of Adhesive Molecules and Occludin in Endothelial 
Cells
The PA at 200 µM insignificantly increased VCAM-1 expression in HUVECs compared to the vehicle control. However, 
PA combined with low and ten-times higher LPS concentrations increased VCAM-1 by 3.8-fold (p = 0.01) and 7.3-fold 
(p = 0.0002), respectively, compared to the vehicle control and 2.8-fold (p = 0.03) and 4.9-fold (p = 0.001), respectively, 
compared to HUVECs stimulated with LPS without PA. PA combined with IS increased VCAM-1 expression by 3.7-fold 
(p = 0.01) but only when IS was used at 200 µM (Figure 3A and B).

LPS and IS individually at both concentrations increased E-selectin levels in HUVECs. However, their combination 
increased E-selectin levels by ca. ten times more, confirming their co-stimulatory effect on ECs. PA individually 
increased E-selectin level insignificantly by 0.9-fold but decreased it in HUVECs treated with IS at both concentrations, 
compared to cells treated with IS alone. A similar inhibitory effect on E-selectin expression was observed when PA was 
combined with LPS at 5 ng/mL. On the contrary, when PA was combined with LPS at 50 ng/mL, the level of E-selectin 
increased by 8.4-fold (p = 0.0001), almost twice the level induced by LPS alone (Figure 3A and C). The combination of 
PA, LPS, and IS at low and high concentrations also significantly decreased E-selectin levels in HUVEC.

In contrast to VCAM-1 and E-selectin, all metabolites tested individually or in combination reduced occludin 
expression in HUVECs (Figure 3A and D). Interestingly, PA did not further reduce occludin expression in cells treated 
with LPS and IS and their combination at high concentrations. However, PA combined with LPS and IS at low 
concentrations significantly (p = 0.002) reduced occludin expression. These results indicated that metabolic endotoxemia 
has a prominent effect on adherence molecules and tight-junction proteins in ECs.

Discussion
A diet rich in saturated fatty acids is one of the most important factors influencing the incidence of atherosclerosis. The 
diet produces gut dysbiosis with associated metabolic endotoxemia and exerts a direct toxic effect on vascular ECs.2 

HFD is associated with endothelium dysfunction due to diminished NO bioavailability, increased ROS generation, and 
inflammation.16,17 The present study examined the simultaneous toxicity of PA combined with LPS and IS on ECs.

Figure 2 ROS (A) and NO (B) generation in HUVECs treated with PA, LPS, and IS for 4 h. Statistically significant differences vs control *p < 0.05; vs vehicle control (VC) 
#p < 0.05; with vs without PA &p < 0.05.
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ROS are reactive intermediates of molecular oxygen produced physiologically in ECs as byproducts of cellular 
metabolism and acts as important second messengers in many intracellular signaling pathways in innate and adaptive 
immune responses.18,19 However, excessive ROS generation, often associated with the dysfunction of mechanisms and 
enzymes preventing excessive ROS production, leads to vascular senescence, atherosclerosis, plaque instability, and 

Figure 3 Expression of adhesive molecules and occludin in HUVEC cells treated with LPS, IS, and PA. (A) Western-bott results; (B–D) The band signal strength of VCAM-1, 
E-selectin, and occludin. The band signal strength of controls (untreated and vehicle-treated cells) was set to 1, and the values were normalized to β-actin levels. Statistically 
significant differences vs control *p < 0.05; vs VC #p < 0.05; with vs without PA &p < 0.05.
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endothelial dysfunction in the vascular system.20 Several factors may induce oxidative stress in ECs, including HFD.21 

The role of PA in causing oxidative stress in ECs has been well documented in numerous studies.16,22–24 Chen et al14 

demonstrated that PA-induced ROS generation in HUVECs has been associated with autophagy activation via the 
calcium 2+/protein kinase C-α/NADPH oxidase 4 (Ca2+/PKCα/NOX4) pathway. Moreover, it has been shown that 
PA’s lipotoxicity to ECs is compounded by endotoxemia.25–37 LPS increases the generation of ROS, primarily superoxide 
anion (O2−), hydrogen peroxide (H2O2), and peroxynitrite, in ECs by enhancing the activity of NADPH oxidase 4 
(Nox4), which is highly expressed in endothelial cells.16,28–31 According to the study of Park et al,29 COOH-terminal 
regions of Nox4 becomes directly coupled with TLR4 in response to LPS, and the complex of Nox4 with TLR4 induces 
ROS generation.

The results of the present study confirmed that PA significantly enhanced LPS-induced ROS generation in HUVECs. 
However, the impact of PA and IS combination on ROS generation in ECs was not studied so far. IS mediates oxidative 
stress in ECs by disrupting the balance between pro– and anti-oxidant mechanisms.32 Dou et al32 demonstrated that IS 
significantly increased ROS production in HUVECs by increasing NADPH oxidase activity and decreasing glutathione 
(GSH), the essential cellular ROS scavenger. Similarly, Yu et al33 have shown that IS reduced GSH levels in ECs. 
Although the present study demonstrated that IS alone at low and high concentrations significantly increased ROS 
production, confirming the role of this uremic toxin on endothelial oxidative stress, its combination with PA did not 
further affect ROS generation in ECs. Nevertheless, our results confirmed that HFD rich in SFA enhances the detrimental 
effect of ME-associated low-grade endotoxemia.

ROS and oxidative stress affect numerous signaling pathways in ECs, including NO availability.16 In ECs, NO can be 
generated by two different isoforms of nitric oxide synthase (NOS), i.e., inducible (iNOS) and eNOS. NO produced 
constitutively by eNOS is a physiologic vasodilator that controls blood pressure and has a vasoprotective and anti- 
thrombotic effect. Moreover, NO decreases endothelium permeability, the expression of chemoattractant cytokine MCP- 
1, and several surface molecules, preventing leukocyte adherence. In contrast, iNOS expression increases in ECs in 
response to LPS and generates large amounts of NO, contributing to the pathophysiology of cardiovascular diseases.28,34 

Additionally, NO produced by iNOS by negative feedback inhibits the expression and activation of eNOS.35 In the study, 
we examined the effect of LPS and IS alone and in combination with PA on NO generation in HUVECs using 
a fluorescent probe. The results demonstrated that IS at low and high concentrations used in the study had no significant 
effect on NO production. In contrast, PA lowered NO synthesis in HUVECs, in contrast to LPS, which increased NO 
production. In concordance with our results, Dou et al32 demonstrated that IS at range concentrations from 100 to 1000 
µM did not affect eNOS mRNA levels, and so NO generation in HUVECs. Several other studies have indicated that IS 
reduced NO signaling in HUVECs by inhibiting eNOS activation.36–38 Similarly, PA impairs NO production in ECs by 
decreasing eNOS activity via downregulating the insulin receptor substrate-phosphatidylinositol kinase (IRS-1/Akt)/ 
eNOS pathway and the activation of inhibitor ĸB kinase (IKKβ), a critical cellular mediator of the response to 
inflammatory stimuli.39 On the contrary, LPS increases NO production in ECs via increased iNOS expression.40 These 
opposing effects of PA and LPS on NO production can lead to ECs dysfunction through the production of peroxynitrite 
(ONOO-), a marker of the oxidative stress responsible for protein nitration and ECs dysfunction. An increased iNOS 
expression in endothelial cells leads to an increased NO and oxygen radical, i.e., O2•− production, resulting in severe 
oxidative, nitro-oxidative, and nitrosative stress.19,41

VCAM-1 is an inducible adhesion molecule predominantly expressed in endothelial cells upon proinflammatory 
cytokines, ROS, oxidized low-density lipoprotein, high glucose concentration, toll-like receptor agonists like lipid A of 
LPS molecule, and shear stress.42 VCAM-1 ligation during inflammation activates calcium flux and Rac1, an intracellular 
transducer regulating multiple signaling pathways in ECs that control cytoskeleton organization, transcription, and cell 
proliferation. This process induces the activation of NADPH2 oxidase (Nox2), leading to ROS generation and activation 
of matrix metalloproteinases and protein kinase Cα (PKCα), which in turn increases the serine phosphorylation of the 
protein tyrosine phosphatase 1B (PTP1B) on the endoplasmic reticulum, activating PTP1B, required for VCAM- 
1-dependent leukocyte transendothelial migration.42,43 The recognition of LPS via TLR4 in ECs results in the induction 
of endothelial adhesion molecules, such as VCAM-1, intracellular adhesion molecule (ICAM-1), and E-selectin, via 
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several downstream signaling pathways.44 Although VCAM-1 is considered a significant regulator of leukocyte adhesion 
and transendothelial migration, the interactions between ECs and leukocytes are mediated partly through E-selectin.

E-selectin is not constitutively expressed on ECs but can be rapidly induced by cytokines and LPS.44,45 LCSFAs, by 
activating proinflammatory signaling pathways via NF-κB, induce the expression of leukocyte adhesion molecules 
VCAM-1, ICAM-1, and E-selectin in ECs.46 Fratantonio et al46 demonstrated that PA at 100 µM significantly increased 
E-selectin and VCAM-1 expression in HUVECs, and the effect was attenuated by NFĸB inhibitor. Similar results are 
presented in the study of Pillon et al,12 where PA at 200 µM increased E-selectin and VCAM-1 expression. In our study, 
only weak expression of these molecules was observed after the stimulation of HUVECs with PA at 200 µM. However, 
when PA combined with LPS was used to stimulate HUVECs, the expression of VCAM-1 increased significantly, 
indicating the amplifying effect of PA on VCAM-1 expression. The amplifying effect was also observed for E-selectin 
when ECs were stimulated with PA and high, but not low, LPS concentration. LPS at both concentrations enhanced both 
E-selectin and VCAM-1 expression, although the increase was not significant in the case of VCAM-1. Contrary to LPS, 
IS had an insignificant impact on VCAM-1 and E-selectin expression. However, the combination of LPS and IS at both 
concentrations significantly increased the expression of these molecules, and PA markedly potentiated their effect on 
VCAM-1 but not on E-selectin expression.

The effect of IS on the expression of adhesion molecules in ECs has not been intensively studied, and the results are 
the opposite. Ito et al47 demonstrated that IS at high concentration (2 mM) had no effect on VCAM-1 and E-selectin 
expression in HUVECs, but enhanced their expression upon treatment of ECs with tumor necrosis factor-α (TNFα). In 
turn, Lee et al48 have shown that treatment of HUVECs with IS at 100 µM induced a two-fold increase in VCAM-1 but 
did not affect E-selectin expression. In this study, IS, combined with LPS and PA, significantly increased VCAM-1 
expression but decreased the E-selectin level. These results suggest that IS, which exerts its toxic effect on ECs mainly 
via inducing inflammation and proinflammatory cytokine release,49 in combination with ME and HFD, may amplify the 
ECs dysfunction caused by both these metabolites.

Occludin is one of the most representative tight junction proteins (TJs) crucial for tight junction stability and the 
endothelial barrier function, involved in forming ECs polarity, cell migration, and proliferation.50 The abnormal 
expression and modification of occludin are accompanied by damage to the endothelial structure of blood vessels in 
tissues and organs, resulting in increased vascular permeability, inflammatory cell infiltration, and apoptosis.51 In this 
study, PA significantly decreased occludin expression in HUVECs. These results concord with those presented by 
Gorzelak-Pabiś et al52 who demonstrated that even a single high-fat meal could destabilize vascular endothelium barrier 
function and PA at 800 µM significantly decreased significantly occludin mRNA in HUVECs. According to Wang et al,53 

palmitate at a concentration as low as 20 µM can stimulate Nlrp3 inflammasomes in ECs, which results in caspase-1 
activation, and IL-1β production and, in consequence, reduces the expression of endothelial tight junction proteins that 
are essential for maintaining the endothelial barrier function and vascular integrity. Moreover, our study demonstrated 
that LPS combined with IS at high concentrations significantly reduced occludin expression in HUVECs, and PA has no 
further effect on occludin levels. However, simultaneous treatment of ECs with PA, LPS, and IS at low concentrations 
reduced occludin expression more than LPS and IS did individually or in combination, indicating that even low IS and 
LPS concentrations in LCSFA-rich blood reduce tight junction proteins and increase endothelial permeability.

IS increases endothelial permeability via upregulating the aryl hydrocarbon receptor AHR/Src kinase pathway and 
VE-cadherin phosphorylation.54 However, the impact of IS on occludin expression in ECs has not been studied so far. On 
the contrary, LPS-induced increase in endothelial vascular permeability is associated with elevated expression of 
proinflammatory cytokines, e.g., TNFα, to disrupt the microtubule arrangement.55 Moreover, LPS and TRL4 ligation 
triggers the RhoA pathway, increasing the abundance of the F-actin microfilaments to increase transendothelial perme-
ability and ECs stiffness.56,57 This effect we also observed in the present study, where LPS, especially in combination 
with PA and IS at high concentration, induced stress in actin filaments and focal adhesion complexes in HUVECs. 
Okamoto et al58 demonstrated that human aortic endothelial cells and HUVECs, in response to LPS-induced inflamma-
tion, enhanced the formation of focal adhesion and stress fibers, leading to cellular stiffening. According to Kasa et al,59 

LPS-induced cytoskeletal rearrangements and ECs contractile response lead to disruption of intercellular contacts and 
endothelium permeability increase. In turn, IS induces cytoskeleton remodeling, cell contraction, and intercellular gaps 
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formation via superoxide ani-on-phosphorylation of myosin light chain kinase (MLCK) and myosin light chains (MLC) 
as well as activation of extracellular-signal-regulated protein kinase (ERK1/ERK2).60 Hence, LPS, in combination with 
IS, can enhance ECs’ stiffness and increase endothelial permeability. By activating the proinflammatory TLR4 signaling 
pathways, PA can enhance LPS-induced inflammatory response in ECs and increase the effect of cytoskeleton 
remodeling.61

Overall, our study showed that LCSFAs, represented in the study by PA, exacerbate the toxic effects of ME on ECs. 
PA at 200 µM significantly potentiated LPS- and LPS/IS-induced VCAM-1 expression, ROS generation, and decreased 
occludin levels. Additionally, increased HUVECs’ stiffness and endothelial permeability demonstrated in the study 
strongly suggest that combining PA with LPS and uremic toxin at clinically irrelevant concentrations promotes athero-
sclerosis. However, further in vivo studies are needed to confirm the co-toxicity of PA with LPS and IS at such low 
concentrations.

Conclusion
Palmitic acid in vitro enhances the toxic effect of ME on the vascular endothelium.
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