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Objective(s): Occludin is essential for proper assembly of tight junctions (TJs) which regulate paracellular 
endothelial permeability. Omega-3 polyunsaturated fatty acids (Ω-3 PUFA) protect endothelial barrier 
function against injury.  
Materials and Methods: We examined anti-inflammatory effect of Ω-3 PUFA intake (30 mg/kg/day for 10 
days) on expression and location of occludin in the aorta of adult Wistar rats after a single dose of 
bacterial lipopolysaccharide (LPS, Escherichia coli, 1 mg/kg). The ultrastructure of TJs after LPS 
administration was also investigated. We measured plasma levels of C-reactive protein (CRP), 
Malondialdehyde (MDA) and CD68 expression and determined the total activity of NO synthase (NOS) in 
the aortic tissue.  
Results: LPS induced a significant decrease of occludin expression accompanied by structural alterations 
of TJs. Levels of CRP, MDA, CD68 and NOS activity were elevated after LPS injection compared to 
controls indicating presence of moderate inflammation. Ω-3 PUFA supplementation did not affect 
occludin expression in treated inflammatory group. However they reduced CRP and MDA concentration 
and CD68 expression, but conversely, they increased NOS activity compared to inflammatory group.  
Conclusion: Our results indicate that a single dose of LPS could have a long-term impact on occludin 
expression and thus contribute to endothelial barrier dysfunction. 10-day administration of Ω-3 PUFA 
had partial anti-inflammatory effects on health of rats without any effect on occludin expression. 
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Introduction 
Epidemiological and experimental studies suggest 

that bacterial infection can represent one of risk factors 
for atherosclerosis and its related clinical diseases. Gram-
negative organisms colonize the human gastrointestinal, 
genitourinal and respiration tract and release virulent 
endotoxin (lipopolysaccharide- LPS), which is a unique 
glycolipid forming a majority of their outer wall not only 
during evident infection, but also during ordinary 
subclinical and chronic conditions, such as periodontal 
diseases or bronchitis (1).  

It has been demonstrated that exposure of the 
vascular endothelium to LPS causes endothelial hyperpe- 
rmeability contributing to development of athero- 
sclerosis (2).  

Endothelial permeability is regulated by intercellular 
junctions, which are formed by a network of 
transmembrane adhesion proteins stitched together by 
the glycocalyx (3). Their configuration and location is 

unique and corresponds with their function. Depending 
on a type of blood vessel, there are three different types 
of intercellular junctions in endothelium: gap junctions 
(GJs), adherens junctions (AJs) and tight junctions (TJs) 
(4). TJs are considered to be raft-like membrane 
compartments essential in regulation of paracellular 
permeability (5, 6). TJ is formed by membrane, cytosolic 
and cytoskeletal proteins (7). The transmembrane 
proteins define a passage for designated substances and 
are responsible for TJ permeability and paracellular 
transport (8). This group of proteins contains occludin, 
claudins and junctional adhesion molecules (JAMs) (9). 
The cytoplasmic proteins (including ZO-1, ZO-2 and ZO-
3) provide the link of transmembrane proteins with actin 
cytoskeleton (10). The occludin molecule passes four 
times through membrane forming two extracellular 
loops, one intercellular loop and cytoplasmic NH2 and 
COOH ends. 
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The extracellular domains of occludin on adjacent 
cells bind and thus form TJ (10). Occludin plays a 
special role in TJ - it is responsible for the TJ 
formation and integrity (10). Therefore, its abnormal 
expression induced by various pathophysiological 
conditions represents a key factor in TJ assembly 
and/or presence respectively in cellular membrane. 
Defective TJs cause an increase of endothelial 
permeability and paracellular flux for undesirable 
substances to subendothelium (11), contributing to a 
development of vascular wall diseases including 
atherosclerosis. LPS- and/or cytokines-induced 
endothelial barrier dysfunction due to abnormal 
occludin expression has been demonstrated in 
intestine (12), blood-brain barrier (13-15), kidneys 
(16) as well as in cultured endothelial and/or 
epithelial cells respectively (17). However, until now, 
there is no data about the effect of LPS on occludin 
expression in endothelium of the aorta. 

It is well-known, that regular intake of fish oil or 
isolated Ω-3 polyunsaturated fatty acids (Ω-3 PUFA) 
has beneficial effects on health. Ω-3 PUFA are 
regarded as strong intracellular and intercellular 
mediators (18). They have multifunctional beneficial 
effects – they reduce lipid levels and blood pressure, 
inhibit thrombosis, modulate NO production and 
suppress production of reactive species (19). They 
are also modulators of cell signalling network and 
membrane fluidity what can lead to reduction of the 
inflammation processes (20). Our previous studies 
demonstrated positive effects of Ω-3 PUFA 
supplementation on expression of connexin proteins 
of endothelial gap junctions in rat aorta (21-24) as 
well as in the rat heart (25-27). Regulation of tight 
junction permeability associated with modulation of 
occludin expression by Ω-3 PUFA were observed in 
intestine epithelial cells (28-30). All these data 
indicate involvement of both endothelial junctions as 
further therapeutic targets of Ω-3 PUFA. According to 
our knowledge, the effect of LPS and Ω-3 PUFA on 
occludin expression in the aorta has not yet been 
studied.     

Therefore, the aim of our work was to examine 
the effect of bacterial endotoxin on occludin 
expression and on the ultrastructure of the 
endothelial tight junctions in the rat aorta. We also 
examined the modulation of occludin expression 
with Ω-3 PUFA after LPS application in the 
endothelial cells of the aorta. 

 
Materials and Methods 
Animal model 

The experiments performed on animals were made 
in accordance with the Ethics Committee of the 
Institute for Heart Research SAS and protocols 
approved by the State Veterinary and Food 
Administration of the Slovak Republic. In the 
experiment we used three-months-old normotensive 

Wistar male rats (Dobra Voda, Slovakia). They were 
kept in controlled conditions with light:dark cycle 
(12:12), at 22–24 °C, humidity of 50-60%, food 
(standard dietary mixture) and water were available ad 
libitum. The animals were divided into four groups 
(n=6/group), the same as in our previous study (22): 1, 
C – the control healthy rats; 2, P – the control rats fed 
with a diet enriched with Ω-3 PUFA (30 mg/kg/day) for 
10 days (57% eicosapentaenoic acid and 43 % 
docosahexaenoic acid, commercial nutritional 
supplement MaxiCor, SVUS Pharma, Czech Republic); 3, 
LPS – the control rats injected with a single dose of LPS 
(1 mg/kg, IP) from E. coli (055:B5 serotype; Sigma 
Aldrich, Germany). The experimental tissue was 
removed 10 days after LPS administration. 4, LPS-P – 
the rats infected with LPS were fed with a diet enriched 
by Ω-3 PUFA for 10 days. LPS was dissolved in sterile 
0.9 % NaCl solution. The same volume of the NaCl 
solution was injected to the rats in the groups 1) and 2). 

At the end of the experiment, the animals were 
anesthetized and the thoracic aorta was excised and 
cleaned. Tissue samples were frozen and prepared to 
subsequent SDS-PAGE and Western blot analysis                    
of occludin and CD68 (marker of macrophages/ 
monocytes). The second part of the aorta was used to 
monitor the distribution of occludin by immunoflu- 
orescent method. Electron microscopy was used to 
analyse the ultrastructure of TJ in endothelium of the 
aorta after LPS administration. 
 
Basic characteristics 

Blood pressure was measured at the beginning and 
at the end of the experiment by a method of non-
invasive plethysmography according to Dlugosova et al 
(21). Body weight (BW) was measured at the same 
periods of the experiment. At the end of the experiment, 
the heart was excised from the anesthetized animals, 
weighed (HW) and the relative weight of the heart 
(HW/BW) was calculated. The blood plasma was 
separated from collected blood samples to determine 
the hs-CRP level (marker of acute inflammation), and 
the MDA levels (index of lipid peroxidation) (31). The 
levels of hs-CRP were measured using Cholestech LDX 
System (California, USA). The concentration of MDA 
was determined spectrophotometrically by measuring 
colour produced in the reaction of MDA with 
thiobarbituric acid according to Draper and Hadley 
(32). We also determined the total activity of NO 
synthase (NOS) in the aortic tissue as described by 
Bernatova et al (33). 
 
Western blot of occludin and CD68 

Frozen samples of the aorta were homogenized 
with sonifier (Dr Hielscher, Germany) in SB20 solution 
(20% SDS, 10 mmol/l EDTA, 0.1 mol/l TRIS, pH 6.8). 
The total protein content of the samples was 
determined by the Bradford method (34). The proteins 
were separated on 10% sodium dodecyl sulphate 
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polyacrylamide gel electrophoresis and transferred to 
nitrocellulose membrane (Advantec, Japan). To study 
the occludin expression, the membrane was incubated 
in the primary rabbit polyclonal anti-occludin antibody 
(Invitrogen Corporation, USA; 3 µg/ml) at a room 
temperature for 2 hr, followed by the incubation in the 
secondary goat anti-rabbit antibody labelled with 
horseradish peroxidase (Cell Signaling Technology, 
USA; 1:2,000). Expression of CD68 was detected using 
the primary monoclonal mouse anti-CD68 antibody 
(Millipore, USA; 1:1,000) and the secondary goat anti-
mouse antibody labelled with horseradish peroxidase 
(GE Healthcare, Great Britain; 1:2,000). The optical 
density of specific bands was detected by “Kodak In-
Vivo Multispectral Imaging System Fx Pro” (Carestream 
Health, Inc., USA) using “Carestream MI SE“ software. 
The optical density of each band was tested in relation 
to the optical density of GAPDH as the endogenous 
control. 
 
Immunofluorescence of occludin 

Indirect immunofluorescent detection of occludin 
was performed on the frozen cross-sections of the non-
fixed aortic rings of all experimental groups. Series of 
the sections were fixed in 4 % paraformaldehyde, 
incubated in 0.3 % Triton X-100, blocked by 10 % BSA 
and incubated with the primary polyclonal rabbit anti-
occludin antibody (Invitrogen Corporation, USA; 15 
µg/ml) over night at 4°C, followed by the incubation in 
the secondary goat anti-rabbit IgG antibody conjugated 
with fluorescein isothiocyanate (FITC) (Jackson 
Immunoresearch Laboratories Inc., USA; 1:200) for 2 hr 
at a laboratory temperature. Omission of the primary 
antibody during incubation served as the control of the 
antibody specificity. The aortic sections were potted 
into Vectashield with DAPI (4', 6-diamidino-2-
phenylindole) H-1200 (Vector Labora- tories, Inc., USA). 
The immunofluorescent signal was observed by the 
microscope Zeiss Apotome 2 (Jena, Germany). 
 
Transmission electron microscopy 

The aorta of the control rats and the LPS rats (n=4 
for each group) was cut into 3 mm rings. These 
specimens were immersion fixed in 2.5 % 
glutaraldehyde in 0.1 mol/l cacodylate buffer (pH 7.4) 
for 3 hr, then rinsed in the buffer, postfixed in 1% OsO4, 
dehydrated in ethanol and embedded in Epon 812 (35). 
Ultrathin sections were stained with uranyl acetate and 
lead citrate and examined by TESLA 500 electron 
microscope (Brno, Czech Republic). 
 
Statistical analysis 

The values were expressed as mean±SEM. One-way 
analysis of variance (ANOVA) with post-tests: the 
Student-Newman-Keuls test (CRP, MDA, NOS) and 
Dunn test (occludin, CD68) were used for statistical 
evaluation. The results were statistically significant 
when P<0.05. 

Results 
Biometric parameters and inflammatory markers 

The inflammatory group (LPS) did not have any 
significant changes in body weight gain (BWG), systolic 
blood pressure and relative heart weight (HW/BW) 
compared to the controls (C). 10-day administration of 
Ω-3 PUFA to the LPS rats (LPS-P) did not affect the 
measured parameters when compared to the 
inflammatory group (Table 1). 

LPS significantly increased the plasma levels of hs-
CRP compared to the controls (Table 2). The levels of 
hs-CRP in the LPS-P group were significantly lower 
than in the LPS group. However, they were still 
significantly higher than in the control group. 
Administration of Ω-3 PUFA to the controls had no 
effect on plasma levels of hs-CRP. 

MDA concentration in plasma was significantly 
higher in the LPS group when compared to the C group 
(Table 2). The application of Ω-3 PUFA to the LPS rats 
resulted in significant decrease of MDA concentration 
when compared to the inflammatory group, to the 
value of the control group. Ω-3 PUFA administered to 
the control group had no effect on levels of MDA. 

A single dose of LPS significantly increased CD68 
expression in the aortic tissue comparing to the 
controls (Figure 1). Subsequent treatment of the LPS 
rats with Ω-3 PUFA caused significant decrease of CD68 
expression comparing to the LPS group. However, the 
levels of CD68 were still higher than in the control 
group. Ω-3 PUFA had no effect on CD68 expression in 
the controls. 

The NOS activity of the thoracic aorta in the LPS 
group was significantly increased when compared to 
the C group (Figure 2). In the LPS-P group the NOS 
activity was still increased when compared not only to 
the C group, but also to the LPS group (Figure 2). Ω-3 
PUFA administered to the healthy rats had no effect on 
the NOS activity (Figure 2). 

 

 

 
Figure 1.  CD68 protein expression in endothelium of the rat thoracic 
aorta normalized to GAPDH. C - the control group; P - the control 
group fed with Ω-3 PUFA; LPS - the inflammatory group; LPS-P - the 
inflammatory group fed with Ω-3 PUFA. Results are expressed as 
mean±SEM. aP˂0.05 vs. C; cP˂0.05 vs. LPS 
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Figure 2. The NO synthase activity in the rat thoracic aorta tissue. The 
control group (C), the inflammatory group (LPS), the control group fed 
with Ω-3 PUFA (P) and the inflammatory group fed with Ω-3 PUFA 
(LPS-P). Results are expressed as mean ± SEM. *P˂0.05 vs. C; #P˂0.05 
vs. LPS 

 
Occludin expression 

We observed significantly lower occludin 
expression in the aorta of the LPS group than in the 
control group (Figure 3).  

The diet enriched by Ω-3 PUFA administered to the 
LPS rats did not affect the occludin expression in the 
aorta when compared to the LPS group. We rather 
observed the tendency to decrease in the expression. 
Surprisingly, we also demonstrated significantly                  
(P=0.049) decreased occludin expression when 
compared with the C group.  
 

 

 
 

 
Figure 3. A) Representative Western blot of occludin and GAPDH 
expression in the rat thoracic aorta. B) Expression of occludin protein 
normalized to GAPDH in the rat thoracic aorta of the control group (C), 
the inflammatory group (LPS), the control group fed with Ω-3 PUFA 
(P) and the inflammatory group fed with Ω-3 PUFA (LPS-P). Results 
are expressed as mean ± SEM. aP˂0.05 vs. C; bP˂0.001 vs. LPS/LPS-P 

 
 

 

Figure 4.  Representative images of immunofluorescent detection of 
occludin in the aortic endothelium of a) the control group (C); b) the 
control group fed with Ω-3 PUFA (P); c) the inflammatory group (LPS); 
d) the inflammatory group fed with Ω-3 PUFA (LPS-P); D) Detail of the 
endothelial layer with specific occludin reaction. Nuclei were 
visualized by DAPI. Arrow - immunofluorescent reaction of occludin; L 
- lumen; E - endothelium; M - tunica media. Original magnification 63x 
 

 
 
Figure 5. Representative electronograms of intercellular tight 
junctions of rat aortic endothelium. A)  The control group with intact 
TJ; B) the inflammatory group with defective TJ. Lu - lumen; EC - 
endothelial cell; thin arrow - intact TJ; thick arrow - disturbed TJ. 
Original magnification: A – 10 000x, B – 10 000x 
 
 

Immunofluorescence of occludin 
Using the indirect immunofluorescence, we 

demonstrated the specific reaction of occludin 
distribution in endothelium of the aorta of all four 
groups (Figure 4). The immunolabeling was relatively 
regularly distributed within endothelium of the control 
group (Figure 4a), while heterogeneous distribution of 
occludin was found in endothelium of the rats treated 
with LPS or Ω-3 PUFA (Figures 4b-d).  
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Table 1. Biometric parameters of rats. BWG - body weight gain, SBP - systolic blood pressure and HW/BW - relative heart weight. C - the 

control group; P - the control group fed with Ω-3 PUFA; LPS - the inflammatory group; LPS-P - the inflammatory group fed with Ω-3 PUFA 

Results are expressed as ± SEM 

experimental group BWG (g) systolic blood pressure (mm Hg) HW/BW 

C 27 ± 5 100 ± 5.40 3.2 x 10-3 

P 24 ± 6 99 ± 1.53 2.6 x 10-3 

LPS 18 ± 5 89 ± 3.86 2.8 x 10-3 

LPS-P 17 ± 4 91 ± 1.09 2.9 x 10-3 

 
Table 2. The measured biomarkers in plasma. hs-CRP - high sensitive C-reactive protein; MDA – malondialdehyde. C - the control group; P - 

the control group fed with Ω-3 PUFA; LPS - the inflammatory group; LPS-P - the inflammatory group fed with Ω-3 PUFA. Results are 

expressed as ± SEM. Results are expressed as ± SEM. *P˂0.05 vs. C, #P˂0.05 vs. LPS, **P˂0.05 vs. LPS-P 

exerimental group hs-CRP (mmol/l) MDA (μg/mg) 

C 0.30 ± 0.04** 1.780 ± 0.087 

P 0.28 ± 0.06 1.764 ± 0.085 

LPS 1.86 ± 0.12* 2.417 ± 0.193* 

LPS-P 0.92 ± 0.07# 1.760 ± 0.103# 

 
Tight junction electron microscopy  

Electron microscopy revealed a standard 
architecture of the aortic endothelial cells in the C 
group. They were mutually connected by intact 
intercellular junctions including TJs (Figure 5a). We 
locally observed widened TJs and irregular clefts of 
endothelium in apical surface of endothelium in the rat 
aorta of the LPS group (Figure 5b). The ultrastructural 
abnormalities of endothelial TJs represent the 
structural marker of the endothelial barrier 
dysfunction. Moreover, endothelial cells of the aorta of 
the LPS group contained very high amount of 
ribosomes. Locally, the presence of pinocytic vesicules 
was suppressed in endothelium of the aorta of the LPS 
group. 
 

Discussion 
The vascular endothelium due to its location and 

structure works as a permeable barrier between 
circulating blood and vascular wall. As we already 
mentioned above, the paracellular permeability of 
endothelium is regulated by TJs (8). Disruption and/or 
loss of TJ function respectively due to various 
pathophysiological conditions lead to uncontrolled 
transport of substances into the interstitial 
environment resulting in a development of pathological 
processes in a vascular wall.   

People often underestimate the treatment of 
moderate bacterial inflammation which might 
represent risk for cardiovascular system diseases. We 
designed our experimental model in order to study, if 
several days after a single non-lethal dose of LPS, in our  
case after 10 days, when immune system of healthy 
animals would be able to suppress moderate 
inflammation, there may be present changes in the 

 
mechanisms regulating endothelial integrity and 
permeability in the aorta. 

The inflammation induced by bacterial LPS has been 
used as an experimental model of infection and chronic 
inflammation. The latter, due to its detrimental effects 
on endothelium, belongs to risk atherosclerotic factors. 
Numerous studies have demonstrated that the effects 
of LPS depend on a way of its application, used 
concentration and duration of inflammation (36). In 
our experiments, we injected healthy adult 
normotensive Wistar rats with LPS in the concentration 
1 mg/kg IP Such amount is sufficient for the 
development of moderate inflammation, but it is not 
lethal (37). No mortality of the rats after LPS 
administration in our experiment corresponds with the 
mentioned data. LPS affected neither body weight of 
the rats, their systolic blood pressure, nor relative heart 
weight comparing to the healthy rats. However, six-fold 
increase of CRP levels and two-fold elevation of MDA 
concentration in plasma 10 days after LPS injection 
indicate the presence of inflammation accompanied by 
increased oxidative stress. During inflammation, 
endothelium is a major target of generated pro-
inflammatory mediators as well as oxygen and nitrogen 
free radicals, which together destroy endothelial 
function and can affect cell-cell junctions between 
endothelial cells as well. That leads to widening of 
intercellular space and uncontrolled transendothelial 
flux.  

We observed that LPS caused down-regulation of 
occludin expression in endothelium. As it is mentioned 
above, occludin is significantly involved in the TJ sealing 
function and formation-folding, thus, down-regulation 
of its expression refers to TJ dysfunction and/or local 
absence respectively that might contribute to 
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endothelial barrier dysfunction. In order to verify, if the 
changes in occludin expression influenced the 
ultrastructure of endothelial TJs, we used the electron 
microscopic analysis. It revealed the locally widened 
TJs, which represent the ultrastructural substrate of the 
occludin-related endothelial hyperpermeability. In 
addition, irregular shapes of clefts of endothelial cells in 
their luminal surface also indicate changes in integrity 
and permeability of endothelium. Increased CD68 
expression suggesting more macrophages and/or their 
activation respectively in the aortic tissue of the LPS 
rats corresponds with the damage of the endothelial 
barrier function. Moreover, the ultrastructure of the 
aortic endothelium of the LPS rats demonstrated the 
local presence of the cells containing reduced amount 
of pinocytic vesicules which are known for their 
regulation of transcellular endothelial permeability. 
Our results thus indicate that hyperpermeability of the 
aortic endothelium during inflammation might result 
mainly from damaged and/or absent TJs. In contrast, 
Krueger et al (38) demonstrated that disturbances in 
occludin expression were associated with increased 
transendothelial vesicle trafficking in rat microvascular 
blood-brain barrier after ischemia. The results indicate 
blood vessel type- and size-dependent differences in 
mechanisms regulating endothelial permeability. Very 
high amount of ribosomes observed in the aortic 
endothelium after LPS administration points to a high 
proteosynthetic activity supporting increased 
generation of proinflammatory mediators in 
endothelium (39). 

Our finding correlates with other studies. LPS-
induced decreased occludin expression associated with 
TJ dysfunction has been demonstrated in the intestine 
(12), the kidney (16) as well as in the cell cultures (17, 
40), independently on the used dose of LPS and time of 
inflammation. Proinflammatory cytokine TNF-α-
induced decrease of occludin expression and damage of 
endothelial integrity has been found in blood-brain 
barrier (41) and cultured human brain microvascular 
endothelial cells (14).  

Expression of occludin during inflammation can be 
modulated by various substances and pathways. The 
NOS system is one of fundamental factors affecting 
endothelial permeability (42). In our experiment, the 
LPS-induced decrease of occludin expression was 
accompanied with the increased aortic NOS activity. 
According to numerous publications, it has been 
attributed to the iNOS isoform (43-45). The iNOS was 
reported to be associated with reduced occludin 
expression and TJ hyperpermeability in intestinal 
epithelium (46, 30), diabetic retinopathy of mice (47) 
and blood-brain barrier (48). TJ opening mediated by 
NO was demonstrated by Takizawa et al (49) during 
early phase of intestinal ischemia/reperfusion. The 
LPS-induced increased NOS activity in the aorta could 
therefore contribute to the modulation of occludin 
expression in our experiment. Oxidative stress, 

accompanying inflammation, represents further 
potential modulator of occludin expression. Increased 
oxidative stress reduced occludin expression in rat skin 
(50) and the kidneys during experimental diabetic 
nephropathy (51) as well as in rat blood-brain barrier 
(13). Lochhead et al (52) demonstrated that oxidative 
stress caused a movement of occludin away from TJ, 
that was associated with alterations in the structures 
and localization of occludin. Jamaluddin et al (53) 
provided a proof of evidence that ROS reduced occludin 
expression (at the level of transcription and 
translation) and endothelial barrier function in human 
endothelial cells of coronary artery. In accordance with 
that, the elevated plasma levels of both CRP and MDA in 
our experiment, supporting the presence of 
inflammation and increased oxidative stress, could also 
be involved in downregulation of occludin expression 
in the aorta.  

It has also been found that TJ function is closely 
associated with other types of interendothelial 
connections including the gap junction (GJ) (54). GJs 
consist of connexin proteins (Cx) and modulate 
intracellular homeostasis and synchronization of 
cellular functions along a vascular wall (20). Expression 
of proteins of both types of junctions is regulated by 
actual needs of endothelium (21). In addition, their 
mutual interactions can affect function and aggregation 
of both junctions (31-33). Our recent work, using the 
same LPS model, demonstrated upregulation of Cx40 
expression in endothelium of the rat aorta associated 
with its impaired relaxation (22). Our present results 
showed downregulation of occludin expression in 
endothelium of the aorta after LPS administration. 
Therefore, it could be possible that the expression of 
both proteins might be mutually related and contribute 
to endothelial barrier dysfunction. The issue requires 
further research using different experimental 
approaches. However, the breakdown of TJ barrier 
function can be associated not only with abnormal 
expression of occludin, but also with changes of 
expression of other TJ proteins - ZO-1 and claudin (55) 
as well as Toll-like receptor 4 (39). 

Regular chronic Ω-3 PUFA supplementation is well 
known for its reduction of several key risk factors 
causing cardiovascular diseases. Ω-3 PUFA decrease 
levels of lipids and blood pressure, attenuate 
thrombosis, modulate NO production and suppress the 
ROS production (19, 56), altogether contributing to the 
protection of endothelial function as well. Our previous 
studies have demonstrated the positive effects of 
chronic Ω-3 PUFA diet on expression of two connexin 
isoforms: Cx43 in the myocardium and endothelium of 
the aorta of hypertriglyceridemic and hypertensive rats 
(21, 24, 26) that was associated with protection of heart 
and aorta function. Our recent studies reported that 10-
days-term Ω-3 PUFA diet modulated Cx40 expression in 
aortic endothelium and kidney Na, K-ATPase activity of 
the rats of LPS-P group (22, 23). Therefore, in the 
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present study, we expected protective effect of 10- day 
Ω-3 PUFA diet on occludin expression in the aorta of the 
LPS-P group. Surprisingly, Ω-3 PUFA diet had no effect 
on the occludin expression when compared to the LPS 
group. Our finding suggests the potential persistence of 
TJ dysfunction which might increase endothelial 
permeability. However, it contrasts with the reduced 
expression of CD68 in the aortic tissue that indicates 
the reparation of endothelial barrier function. The latter 
corresponds with Ω-3 PUFA-induced reduction of 
inflammation and oxidative stress. Data indicate that 
short-term PUFA diet might specifically influence 
different mechanisms regulating endothelial function 
and permeability. 

Our results indicate that 10-day intake of Ω-3 PUFA 
could protect the function of the aorta. Ω-3 PUFA 
administration to the LPS rats (LPS-P group) did not 
improve the NO-dependent relaxation of aorta (22), nor 
protected the NOS activity, which actually incresed. The 
results do not enable the elucidation of this situation. 
However, Ω-3 PUFA are known with their various 
(healthy and toxic) effects and their co-existence could 
occur (57, 58). It was reported that the administration 
of Ω-3 PUFA prior a pathological insult for chronic 
period bettered the signs of inflammation and 
protected against the effects of endotoxin in some 
animal models (59). We applied Ω-3 PUFA at the same 
day as a pathological insult (LPS). Ω-3 PUFA are highly 
unsaturated and highly susceptible to the oxidation to 
form toxic oxidation products (60-62). At the end of the 
experiment we demonstrated partial reduction of 
inflammatory markers levels in the LPS-P group. It 
suggests the presence of a low inflammation, products 
of which might still affect Ω-3 PUFA to produce 
oxidative form products contributing to the local 
deterioration of endothelial function which is 
associated with elevated iNOS activity. That might 
partially explain increased aortic NOS activity in the 
LPS-P group. The results may also depend on the type 
of the used artery, the age of experimental animals (21, 
63, 64), on the dose and the period of Ω-3 PUFA 
supplementation (65, 66) and the timing of Ω-3 PUFA 
application. The mechanisms underlying the effects of 
Ω-3 PUFA on the occludin expression and aortic 
function remain to be elucidated. Moreover, the 
farnesoid X receptors may represent another potential 
mechanism of Ω-3 PUFA involved in the modulation of 
NOS activity in the thoracic aorta (67). 

Interestingly, Ω-3 PUFA reduced occludin 
expression in the aorta of the rats of P group as well. 
Now we are not able to explain this change but we 
suppose that it could be caused by an adaptation of 
aortic endothelial cells to the presence of Ω-3 PUFA. 
The mechanisms underlying the effects of Ω-3 PUFA on 
the occludin expression and aortic function remain to 
be elucidated. 

In contrast to our results, protective effects of Ω-3 
PUFA on TJ permeability and occludin expression were 

observed in human vascular endothelial cell line 
ECV304 (28) and intestinal monolayer cells (68). 
Similarly, fish oil protected intestinal barrier function 
damage by LPS through expression of occludin and 
TLR4 signalling pathway (29, 30). 

At present we cannot explain our results completely. 
One of pathways which could modulate occludin 
expression in the aorta of the LPS-P group is the NOS 
system. It has been shown that the activation of iNOS 
isoform can reduce occludin expression (46). Further, 
Ω-3 PUFA form a part of cellular membrane, affecting 
its barrier properties as well (69-71). Li et al (72) 
demonstrated that incorporation of Ω-3 PUFA into 
membrane of epithelial cells, followed by TNF-α and 
IFN-γ incubation, reduced paracellular permeability of 
cells and prevented distortion of TJ morphology. Our 
results rather correspond with the data of Beguin et al 
(73), who observed, that incorporation of Ω-3 PUFA 
into the plasma membrane did not affect the presence 
of occludin in TJ complexes. Protective effects of Ω-3 
PUFA on occludin expression have been demonstrated 
by Jiang et al (28) in human vascular endothelial cell, by 
Coquerel et al (30) in intestine after endotoxic shock or 
endothelial and/or epithelial cell cultures respectively, 
but not in the aorta. The aorta is a large conductive 
blood vessel and the reactivity and the sensitivity of its 
endothelial cells to Ω-3 PUFA treatment can differ from 
endothelial cells of smaller resistant arteries and/or 
cultured endothelial cells respectivelly. Different 
regulation could depend on in vitro and in vivo 
experiments, too. The effect of Ω-3 PUFA on occludin 
expression might depend on used concentration (56), 
time of their application and their adverse effects as 
well (74, 75). The results could also reflect an individual 
sensitivity. The exact mechanisms explaining the effect 
of Ω-3 PUFA and LPS on occludin expression need to be 
further elucidated. 
 

Conclusion  
Our results demonstrate that a single intraperi- 

toneal injection of LPS to healthy Wistar rats had a 
long-term impact on the production of occludin protein 
in endothelium of rat aorta, indicating the involvement 
of occludin in the regulation of endothelial paracellular 
permeability of the aorta during the inflammation. 
Changes in occludin expression induced by LPS could 
have a novel prognostic value for aortic disease. 10-
day-term Ω-3 PUFA diet of the rats of the LPS group did 
not affect the occludin expression, despite their partial 
anti-inflammatory effects. Data indicate that short-term 
PUFA diet might specifically influence different 
mechanisms regulating endothelial function and 
permeability. 
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