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ENDOCARDIAL ENDOTHELIUM AS A BLOOD-HEART BARRIER

 ENDOKARDNI ENDOTEL KAO KRVNO-SRČANA BARIJERA 
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Summary
Introduction. Endocardial endothelium is formed from a single 
layer of closely related cells with complex interrelationships and ex-
tensive overlap at the junctional edges. Morphological character-
istics of blood-heart barrier. Endocardium is composed of three 
layers: endocardial endothelium, subendothelial loose connective 
tissue and subendocardium. The fibrous component of the suben-
dothelium consists of small amount of collagen and elastic fibers. 
Several cell types are present in subendocardium: telocytes, fibrob-
lasts and nerve endings. Intercellular bonds between the endocar-
dial endothelial cells. Endocardial endothelial cells are attached to 
one another via sets of binding proteins forming solid, adherent and 
communicating connections. Communicating connections form 
transmembrane channels between the neighboring cells, while solid 
and adherent connections form pericellular structures like stitches. 
The maintenance of the presumed transendocardial electrochemical 
potential difference provides a high gradient for certain ions as well 
as a selective boundary barrier, basal lamina, preventing ionic leak-
age. The negatively charged glycocalyx also modulates endothelial 
permeability. Electrophysiological characteristics of heart-blood 
barrier. Electrophysiological studies have shown the existence of a 
large number of membrane ion channels in the endocardial endothe-
lial cells: inward rectifying K+ channels, Ca2+ dependent K+channels, 
voltage-dependent Cl- channels, volume-activated Cl- channels, 
stretch-activated cation channels and one carrier mediated transport 
mechanism – Na+K+adenosine triphosphatase. Conclusion. Numer-
ous diseases of the cardiovascular system may be a consequence, but 
also the cause of the endocardial endothelium dysfunction. Selective 
damage to the endocardial endothelium and subendocardium is found 
in arrhythmia, atrial fibrillation, ischemia/reperfusion injury and 
heart failure. Typical lesions of endocardial and microvascular en-
dothelium have also been described in sepsis, myocardial infarction, 
inflammation and thrombosis. The result of endothelial dysfunction 
is the weakening of the endothelial barrier regulation and electrolyte 
imbalance of the subendocardial interstitium.
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Sažetak
Uvod. Endokardni endotel formira jedan sloj tesno povezanih 
ćelija sa kompleksnim međuodnosima i opsežnim preklapanjem 
susednih ivica. Morfološke karakteristike krvno-srčane ba-
rijere. Endokard čine tri sloja: endokardni endotel, subendo-
telno rastresito vezivno tkivo i subendokard. Vlaknasta kom-
ponenta subendotela se sastoji od male količine kolagenih i 
elastičnih vlakana. U subendokardu su prisutni telociti, fibro-
blasti i nervni završeci. Međućelijske veze između endokard-
nih endotelnih ćelija. Endotelne ćelije su povezane jedna sa 
drugom putem skupova vezujućih proteina koji čine čvrste veze, 
adherentne veze i komunikantne veze. Komunikantne veze 
formiraju transmembranske kanale između kontaktnih ćelija, 
a tesne i adherentne veze formiraju pericelularne strukture slič-
ne „šavu“. Održavanje pretpostavljene transendokardne elek-
trohemijske potencijalne razlike obezbeđuje visok gradijent za 
izvesne jone dok selektivna granična barijera, bazalna lamina, 
prevenira jonsko curenje. Negativno naelektrisani glikokaliks, 
takođe, modulira endotelnu permeabilnost. Elektrofiziološke 
karakteristike krvno-srčane barijere. Elektrofiziološke stu-
dije su ukazale na postojanje velikog broja membranskih jon-
skih kanala: ulazno-ispravljački K+ kanali, Ca2+ zavisni K+ 
kanali, voltažno-zavisni Cl- kanali, volumen-aktivni Cl- kanali, 
rastezanjem aktivisani katjonski kanali i jedan nosačem posre-
dovani transport, Na+K+ adenozin trifosfataza. Zaključak. Bo-
lesti kardiovaskularnog sistema mogu biti posledica ali i uzrok 
disfunkcije endokardnog endotela. Selektivno oštećenje endo-
kardnog endotela i subendokarda dešava se u aritmiji, atrijalnoj 
fibrilaciji, ishemijsko/reperefuzijskim oštećenjima i srčanoj 
insuficijenciji. Tipične lezije endokardnog endotela opisane su 
u sepsi, akutnom infarktu miokarda, zapaljenju i trombozi. Re-
zultat endotelne disfunkcije je slabljenje barijerne uloge endo-
kardnog endotela i elektrolitskog disbalansa subendokardnog 
intersticijuma. 
Ključne reči: endotel; endotelne ćelije; intercelularne veze; 
elektrofiziologija; kardiološka elektrofiziologija; morfološki i 
mikroskopski nalazi; otkazivanje srca; kardiovaskularna 
oboljenja
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Introduction

The cardiovascular system is lined with endothe-
lium, a continuous single-layer flaked epithelium, 
forming a cobblestone-like layer on the surface of 
the tunica intima of the blood vessels and the endo-
cardial layer of the heart. It has a total surface area 
of several hundred square meters and the endothe-
lium of a person weighing 70 kg covers about 700 
m2 [1]. The vascular endothelium has long been 
thought of as just a layer lining the blood vessels 
like a cellophane wrapper, without a significant 
functional role. It is now recognized as a massive, 
regionally specific multi-functional organ. Out of 
all the layers of the blood vessel wall, endothelium 
is the most exposed to mechanical forces and the 
pressure that blood exerts on it.

Given the strategic anatomical position of en-
dothelium between the circulating blood compo-
nents on one side and a vascular component of 
smooth muscle and cardiac muscle on the other, it 
represents a physiologically significant organ whose 
dysfunction is seen as a critical factor for the devel-
opment of various diseases [2]. Before the initial 
research on the effects of endocardial endothelium 
(EE) on the contractility, rhythm and remodeling of 
the adjacent myocardium, information about any 
physiological roles of EE on the function of the 
heart were rare [3]. However, studies have shown 
that myocardial contractility depends on the pres-
ence of EE and the degree of its damage regardless 
of the technique employed to remove the endothe-
lium: immersion in 1% Triton X-100, mechanical 
peeling, exposure to a high-frequency ultrasound, 
or flow rate of dry air. Fully removing or partially 
damaging EE cells directly affect contractile car-
diac performance causing a lower contractility of 
cardiomyocytes [4, 5]. The inotropic effect of EE is 
achieved through the synthesis and release of en-
dothelial mediators, the sensory ability to detect 
changes in blood plasma and the quality of blood-
heart barrier to control transendothelial transport. 
Adding a mediator of endothelial origin will not 
restore or prevent the loss of heart contractility. The 
EE can affect the establishment of transcellu-
lar  physicochemical gradient across the endocar-
dium, and thereby affects the cardiac function [6].

The removal of EE is reflected in the acute disorder 
of subendocardial ionic environment. It took time and 
numerous studies to support the hypothesis of EE as 
the blood-heart barrier and to compare its importance 
to the one of the blood-brain barrier. In the last 20 
years, following the initial studies of Paul Fransen 
(1995), the analogy of EE barrier with the concept of 
the blood-brain barrier has strengthened [7]. The 
blood-brain barrier is the best studied endothelial bar-

rier. Highly excitable tissues such as neurons have a 
larger concentration of Na+ ions in the interstitium, 
which enables a faster rise of action potential and less 
interstitial K+, thereby increasing the membrane excit-thereby increasing the membrane excit-
ability. In the heart, the sub-endocardial network of 
terminal Purkinje fibers and the surrounding myocar-
dial cells consist of highly excitable cells making the 
ion homeostasis the essence of the vitality of the heart 
function. Changes in the extracellular concentration 
of Ca++, K+, Na+, Mg++, Cl- i HCO3

-  ions have signifi- ions have signifi-
cant effects on the rhythm and the mechanical proper-
ties of the cardiac muscle. 

The maintenance of the assumed trans-endocar-
dial electrochemical potential differences provides 
a high gradient for certain ions while the selective 
barrier, basal lamina, prevents ionic leakage. The 
negatively charged glycocalyx also modulates en-
dothelial permeability. 

Morphological Characteristics of the 
Blood-Heart Barrier

The heart wall consists of three layers, epicar-
dium, myocardium and endocardium. Each layer is 
distinctive in thickness, cellular composition and 
the specific role. From a histological point of view, 
endocardium consists of three layers: the endothe-
lium, the subendothelial loose connective tissue and 
subendocardium. 

The fibrous component of the subendocardium 
consists of a small amount of collagen and elastic fib-
ers [8]. Electron microscope images clearly show the 
existence of typical telocytes within the subendothe-
lial layer. Telocytes appear as the main interstitial cells 
in the loose connective tissue of the subendothelial 
endocardium. The subendocardium consists of telo-
cytes, fibroblasts and nerve endings. About one third 
of endothelial cells are underlined by telocytes. Sub-
endocardial telocytes have small oval-shaped cellular 
bodies with very long, thin cellular processes named 
telopodes. Telocytes are in close vicinity with nerve 
endings and they establish contacts with other inter-
stitial cells in the subendocardial space. Telocytes cre-
ate a tridimensional cardiac network at the interstitial 
level and integrate all constitutive layers of heart via 
their telopodes. Since endocardium is considered a 
blood-heart barrier, it is obvious that telocytes which 
constitute the main population in the subendothelial 
layer of endocardium may be of importance in creating 
this blood-heart barrier [9].

The EE forms a single layer of closely related 
cells with complex interrelations and extensive 
overlapping of adjacent edges. This structure allows 
its unique permeable properties. Tight junctions are 
located at the luminal side of intercellular gaps be-
tween endothelial cells. The EE cells exhibit char-
acteristic morphological asymmetry.

Electrophysiological measurements of properties 
and electric currents, as well as fluorometric meas-
urements, have demonstrated that EE cells form an 
interconnecting network through electrical syn-
apses, such as gap junctions. Gap junction channels 
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EE – endocardial endothelium
PECAM-1 – platelet-endothelial adhesion molecule-1
TRP – transient receptor potential
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of EE cells are composed of different connexin 
types (Cx43, Cx40, Cx37) and are located at the 
borders of the intercellular areas and at the overlap-
ping areas and the EE cells [10]. 

Gap junctions have intercellular pores that fa-
cilitate the passage of ions (mostly Ca2+), secondary 
messenger molecules (inositol-1,4,5 trisphosphate) 
and small metabolites which pass without pausing 
between adjacent EE cells, ensuring that the entire 
EE acts as a single unit with electrical and diffusive 
continuity [11]. We examine the EE as a syncytium 
with electrochemical connections between neigh-
boring EE cells. Gap junction connections between 
heart endothelial cells and cardiomyocytes are not 
identified. The absence of morphological connec-
tions between EE and cardiomyocytes does not ex-
clude the electrotonic current propagation or the 
effects of EE syncytium on the excitability and con-
ductivity to the adjacent cardiomyocytes. 

Endocardial endothelium syncytium can be 
functionally represented as a large cell, with a very 
large membrane area, which is connected to small-
er groups of Purkinje fibers and subendocardial 
nerve plexuses. Electrical phenomena arising from 
the high conductive power of cardiomyocyte syn-
cytium may propagate to the Purkinje network, 
nerve plexus and EE.

There is no experimental evidence to support a 
conclusion that EE cells are “electrically silent” in 
the sense that they do not show regular action po-
tentials. However, they depolarize and repolarize 
following the action potentials of adjacent cardio-
myocytes [12]. Syncytial character of EE is essential 
to establish the barrier properties in the transcel-
lular transport of ions. Moreover, it is possible that 
it enables an increased synthesis and the release of 
endothelial paracrine mediators.

Intercellular Junctions between EE Cells

Endothelial cells are connected by a complex set 
of junctional proteins that comprise tight junctions, 
adherens junctions and gap junctions. Gap junctions 
form transmembrane channels between contiguous 
cells. Tight junctions and adherens junctions form 
pericellular zipper like structures along the cell border 
through their transmembrane homophilic interactions.

The cell adhesion necessary to maintain the in-
tegrity of all tissues, including the endothelium, 
involves two groups of the adhesion proteins, in 
addition to intercellular junctions, hemidesmo-
somes, focal adhesions and extracellular matrix 
proteins. One group of adhesion proteins is respon-
sible for the adhesion of cells with the extracellular 
matrix (integrins), while the other group partici-
pates in intercellular adhesion of endothelial cells. 
One very important adhesion protein is platelet-
endothelial adhesion molecule-1 (PECAM-1) that is 
expressed on the surfaces of the interendothelial 
contacts. PECAM-1 is uniformly distributed along 
the juncture giving it stability and is one of the main 
components of the endothelial junctions. Identifica-

tion of PECAM-1 enables visualization of intercel-
lular junctions within endocardial cells. In the EE, 
PECAM-1 staining is typically confined to the bor-
der zone of the EE cells corresponding to the zone 
of cellular overlap and intercellular clefts. 

Transendothelial transport (transcytosis) is me-
diated by diffusion through intracellular clefts by 
vesicular transport, or focal adhesion contracts (gap 
junctions). Thus, trans-EE-permeability is predom-
inantly controlled through intracellular clefts, medi-
ated through the extent and structurally complex 
paracellular space which is partially lined by an 
electrically charged glycocalyx, the presence of one 
or more tight junctions (zonula occludens) and the 
presence of well-organized zonula adherens. The 
presence of actin and nonmuscle myosin in EE cells 
suggests that the trans-endocardial permeability 
may be mediated by contraction or retraction of EE 
cells by phosphorylation of actin-binding proteins, 
such as vinculin and a-catenin, but also by activa-
tion of actin-myosin interactions. 

Endothelial cells are interconnected via sets of 
binding proteins which form occludent, tight junc-
tions (zonula occludens), adherens junctions (zonula 
adherens) and communicative junctions (gap junc-
tions), whereas gap junctions form transmembrane 
channels between the adjacent cells, tight junctions 
and adherens junctions form pericellular zipper-like 
structures along the cell border through their trans-
membrane homophilic adhesion (Schema 1).

Tight junctions are located at the luminal side of 
the lateral membranes between adjacent EE cells and 
represent about 20% of total junctional complexes 
present in endothelial cells. They are composed of 
claudins, occludin, and junctional adhesion mole-
cules. These junctions are mostly responsible for the 

Schema 1. Structural organization of intercellular en-
dothelial and matrix cells interactions
Shema 1. Strukturna organizacija intercelularnih i 
matričnih interakcija endotelnih ćelija
Legend: ZO - Zonula  occludens; JAM - junctional adhe-
sion molecule; VE cadherin - vascular endothelial cad-
herin; ECM - extracellular matrix
Legenda: ZO - Zonula occludens; JAM - adhezivni 
(vezivni) molekul; VE cadherin - vaskularni endotel-
ijalni kadherin; ECM - ekstracelularno matriks
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restriction of the passage of water, electrolytes and 
small molecules through the endothelium. The role 
of tight junctions in regulating endothelial permea-
bility remains incompletely understood. The expres-
sion level of occluding was found to correlate with 
enhanced endothelial barrier properties. Thus, oc-
cluding through its interaction with ZO-1 and the 
actin cytoskeleton stabilizes tight junctions [13].

Adherens junctions lie just below the tight junc-
tions and they secure the junction between adjacent 
cells. Within the gap about 15 – 20 nm between the 
two cells, there is a cell membrane glycoprotein-
cadherin. The cadherins from adjacent cells interact 
to ‘zipper’ up the two cells together. Within the 
cells, actin filaments (microfilaments) achieve their 
adhesive role and tend to be arranged circumferen-
tially around the cell, into what is called a ‘mar-
ginal’ band. This marginal band may contract and 
also deform the shape of cells held together. Thus, 
adherens junctions position cells within the en-
dothelium. The stability of these junctions depends 
on the concentration of calcium ions, in the absence 
of which the junctions break [14].

Numerous communicating gap junctions, 2 – 3 
μm in size, interconnect the cytoplasm of multiple 
cells. Permeable junctions in the EE provide the 
characteristics of a ‘functional syncytium’ because 
they coordinate the function of a set of cells. Con-
nexins are gap junction proteins and represent a 
protein family with high homology in their amino 
acid sequences. Connexins aggregate to form hex-
amers. Hexamers of two adjacent cells form a con-
nexon gap junction. Permeable junctions allow the 
passage of molecules up to 1 kDa in size and a rap-
id exchange of information in the form of molecules 
of low molecular weight, secondary messengers, 
Ca2+ and inositol triphosphatate between the adjoin-between the adjoin-
ing cells [12, 15].

Connexins have several regulatory sites on the 
cytoplasmic side that regulate the state of permeable 
junctions. The functional state of permeable junc-
tions is influenced by voltage, pH Ca2+ ions, cal-ions, cal-
modulin, phosphorylation, and G proteins [16]. The 
binding of a ligand to the receptor at one EE cell 
leads to cascade signalization amplifying cellular 
response. Alterations in both the amount and cel-
lular distribution of gap junctions have been report-
ed in many types of cardiac disease, and it has been 
suggested that these changes may cause arrhyth-
mias and/or sudden cardiac death. Cardiac diseases 
are often associated with a reduced and/or hetero-
geneous expression of connexins. In atherosclerosis, 
expression of Cx37, Cx40, and Cx43 varies through-
out the progression of the disease and connexins 
play different roles in plaque development [17].

Electrophysiological Characteristics of 
the Blood-Heart Barrier 

The EE cells are electrically highly active, sim-
ilarly to the brain capillary endothelial cells. Elec-
trophysiological studies have demonstrated the 

existence of a large number of membrane ion chan-
nels: inward rectifier K+ channels (Ikr), Ca2+ depend-depend-
ent K+ channels (KCa), voltage-dependent Cl- chan-chan-
nels, the volume activated Cl - channels, stretch 
activated cation channels and a carrier-mediated 
transport, Na+K+ adenosine tripzhosphatase (AT-AT-
Pase) [18]. The asymmetric nature of the luminal 
compared to abluminal localization of ion channels 
and Na+K+ ATPase suggests that the net transcel-ATPase suggests that the net transcel-
lular ionic transport from the blood to the cardio-
myocyte interstitium occurs via a passive diffusion 
through the ion channels and through the active, 
carrier dependent transport. 

Transendocardial electrical resistance in the en-
dothelial cells of the right ventricle is two to five 
times higher than in other endothelial membranes 
(6–25 ohm/cm2) [19]. This is consistent with the 
assumption that EE functions as an active barrier 
between the circulating blood and cardiomyocyte 
interstitium. By combining the applicable electro-
physiological techniques, Western blot and real-
time polymerase chain reaction, in the EE cell cul-
ture we depicted a significant presence of Na+K+-
ATPase, predominantly of alpha-1-type, typically 
associated with the luminal membrane of EE cells 
[20, 21]. This asymmetric configuration can explain 
the net Na+ transport from the heart into the blood 
and K+ transport from the blood to the heart. A 
lower interstitial sodium level in the heart is more 
favorable for ensuring electrical stability, while a 
higher level of interstitial sodium causes the neces-
sary excitability.The atrial volume reflex arc is an 
important contributor to the maintenance of bodily 
homeostasis, primarily responding to blood volume 
changes. Atrial volume receptors located in the en-
docardium of the atrial wall undergo mechanical 
deformation as blood is returned to the atria of the 
heart. The mechanosensitive channel(s) responsible 
for regulating plasma are the transient receptor po-
tential (TRP) channel family members TRPC1 and 
TRPV4, expressed in sensory nerve endings in the 
atrial endocardium [22].

Conclusion

All endocardial endothelial cells act together in 
the organization of the endocardium as a function-
al syncytium to achieve a complex, well-organized, 
auto- and paracrine mediated physicochemical bar-
rier between the circulating blood and subjacent 
heart tissue. Endothelial cells are able to dynami-
cally regulate paracellular and transcellular trans-
port of dissolved particles and water. 

Paracellular permeability is determined by com-
plex structures of junctions and intercellular adhe-
sive strengths balanced with the contra-adhesive 
properties generated by the molecular mechanism 
of actin-myosin. The intact endothelial barrier lim-
its the transport primarily by closing the interen-
dothelial junctions. Through their receptor sites, 
integrins are related to the extracellular matrix, thus 
contributing to the stabilization of the barrier func-
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tion of sealed intercellular spaces. While binding to 
their receptors, inflammatory mediators, thrombin, 
bradykinin, histamine, vascular endothelial growth 
factor and others, disturb the organization of inter-
endothelial junctions and the integrin-extracellular 
matrix complex formation, thus creating the junc-
tions that constitute the barrier. 

Numerous diseases of the cardiovascular system 
can be a consequence but also the cause of endocar-
dial endothelial dysfunction. Selective damage to 

the endocardial endothelium and subendocardium 
occurs in arrhythmia, atrial fibrillation, ischemia/
reperfusion injury, cardiac hypertrophy and heart 
failure. Typical lesions of endocardial and microv-
ascular endothelium have also been described in 
sepsis, myocardial infarction, inflammation, throm-
bosis, and in hypertensive patients. The result of 
endothelial dysfunction is the weakening of the en-
dothelial barrier regulation and the electrolyte im-
balance of the subendocardial interstitium.
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