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Abstract
Endothelial cells (ECs) are arranged side-by-side to create a semi-permeable monolayer, forming the inner lining of every 
blood vessel (micro and macrocirculation). Serving as the first barrier for circulating molecules and cells, ECs represent the 
main regulators of vascular homeostasis being able to respond to environmental changes, either physical or chemical signals, 
by producing several factors that regulate vascular tone and cellular adhesion. Healthy endothelium has anticoagulant proper-
ties that prevent the adhesion of leukocytes and platelets to the vessel walls, contributing to resistance to thrombus formation, 
and regulating inflammation, and vascular smooth muscle cell proliferation. Many risk factors of cardiovascular diseases 
(CVDs) promote the endothelial expression of chemokines, cytokines, and adhesion molecules. The resultant endothelial 
activation can lead to endothelial cell dysfunction (ECD). In vitro models of ECD allow the study of cellular and molecular 
mechanisms of disease and provide a research platform for screening potential therapeutic agents. Even though alternative 
models are available, such as animal models or ex vivo models, in vitro models offer higher experimental flexibility and 
reproducibility, making them a valuable tool for the understanding of pathophysiological mechanisms of several diseases, 
such as CVDs. Therefore, this review aims to synthesize the currently available in vitro models regarding ECD, emphasiz-
ing CVDs. This work will focus on 2D cell culture models (endothelial cell lines and primary ECs), 3D cell culture systems 
(scaffold-free and scaffold-based), and 3D cell culture models (such as organ-on-a-chip). We will dissect the role of external 
stimuli—chemical and mechanical—in triggering ECD.
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Introduction

Endothelial cells (ECs) are thin and elongated cells [1] 
forming the inner lining of the vascular wall of every blood 
vessel, from large arteries—macrocirculation—to small 
capillaries—microcirculation—and of lymphatic vessels. 
These cells are essential to maintain blood vessel integrity 
and blood fluidity [2]. ECs are arranged side-by-side, creat-
ing a semi-permeable monolayer, the endothelium [3]. A 
healthy endothelium acts as a selective barrier to molecules, 
controlling their exchange between the blood and tissues to 
ensure homeostasis [4]. Due to their position, ECs are also 
the first barrier for all circulating cells and pathogens, being 
exposed to changes in blood composition and flow. ECs are, 
thus, key players in the vasculature, sensing biomechanical 
and biochemical factors, which can induce rapid, short-term, 
and long-term adaptation processes [5–9]. ECs differ mor-
phologically, physiologically, and phenotypically among the 
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different types of blood vessels and according to the organ 
[10, 11]. There is a high heterogeneity of ECs’ surface and 
cytoplasmic markers [9]. Both CD31 [12] and VE-cadherin 
[13] are universal ECs’ markers. Ephrin type-B receptor 2 
is a specific marker of arterial ECs [14]. Cultured human 
umbilical vein ECs (HUVECs), in particular, express typical 
molecular markers, including CD31, von Willebrand factor 
(VWF), CD34, intercellular adhesion molecule-1 (ICAM-
1), E-selectin, vascular cell adhesion molecule-1 (VCAM-
1), and angiotensin I converting enzyme (ACE) [15, 16] 
(Table 1).

In the human heart, cardiomyocytes occupy approxi-
mately 70 to 85% of the cardiac volume [19]. However, 
ECs also have a pivotal role in the development and mainte-
nance of cardiac homeostasis. ECs in the heart are classified 
based on their anatomical location, determining their direct 

or indirect effect on other cardiac cells. Thus, these cells 
can make part of the cardiac endothelium (ECs from the 
endocardium) and the vascular endothelium (ECs from the 
internal cellular layer of cardiac vessels) (Fig. 1) [20]. The 
cardiac endothelium and the cardiomyocytes share the same 
embryological origin, which is the cardiogenic mesoderm 
[21, 22]. It is the active crosstalk between ECs, vascular 
smooth muscle cells, fibroblasts, and cardiomyocytes that 
enables heart development, regulation, and adaptation [23]. 
ECs from the cardiac endothelium form the endocardium, 
delineating the inner lining of the heart chambers [22, 24]. 
The endocardium is composed of more strongly bound, often 
overlapping, ECs, due to a higher number of tight junctions 
that are critical to form a blood–heart barrier and maintain 
cardiac rhythmicity and mechanical performance [20].

These ECs are larger than other types of ECs (EC thick-
ness varies from less than 0.1 μm in capillaries and veins 
to 1 μm in the aorta) [25], showing an increased surface 
area due to the presence of microvilli and trabeculae, and 
form deeper intercellular clefts than vascular ECs [22]. As 
the cardiac endothelium occupies a large surface area in the 
cardiac chambers, it is exposed to all elements circulating in 
the blood [20, 26]. It can sense biochemical changes and act 
as a paracrine regulator of cardiomyocyte function, secreting 
nitric oxide (NO), endothelin, and prostacyclin [26]. Moreo-
ver, VWF [27] and endothelial NO synthase (eNOS) [28] 
expression is also higher in the cardiac endothelium. eNOS 
is highly concentrated in the Golgi apparatus, whereas it 
is predominantly diffused in the cytoplasm in myocardial 
capillary ECs [29].

In terms of the cytoskeleton, ECs from the endocardium 
contain more microtubules, stress fibers, and filamentous 
vimentin networks than vascular ECs, being more closely 
packed [24]. Cardiac ECs also have a larger Golgi apparatus, 
fewer vesicles, and higher metabolic activity than vascular 
ECs [20, 24].

Moreover, cardiac endothelium’s main energetic pathway 
is mitochondrial fatty acid oxidation [30]. In fact, it has been 
shown that genes that regulate fatty acid uptake, such as 
the Meox2/Tcf15, Fabp4, and Cd36, are highly upregulated 
in mice cardiac ECs [31]. In turn, ECs from the vascular 
endothelium (from both the macro and microcirculation) 
produce ATP mainly by glycolysis [32].

The ECs of the coronary arteries originate from meso-
derm-derived proepicardium [33] and, in general, are simi-
lar in structure and function to other arteries in the body 
[22]. The coronary arteries originate from the aorta and 
penetrate the myocardium. A successive branching ulti-
mately gives origin to a capillary network that surrounds 
the cardiomyocytes [22]—the myocardial microvessels. 
These present a continuous endothelium that is in inti-
mate contact with the cardiomyocytes (only 1 µm apart), 
allowing for direct cellular communication and signaling, 

Table 1   Markers of endothelial cells [17, 18]

ECs endothelial cells, ECFCs endothelial colony-forming cells, 
EPCs endothelial progenitor cells, EphB4 ephrin type-B receptor 
4, HUVECs human umbilical vein endothelial cells, ICAM−1 inter-
cellular adhesion molecule-1, ICAM−2 intercellular adhesion mol-
ecule-2, IL−1β interleukin-1β, LYVE−1 lymphatic vessel endothelial 
hyaluronan receptor-1, MCAM melanoma cell adhesion molecule, 
PECAM−1 platelet endothelial cell adhesion molecule-1, TEM8 
tumor endothelial marker 8, TGF-β transforming grow factor-β, 
Tie−2 angiopoietin-1 receptor, TNAP tissue-nonspecific alkaline 
phosphatase, TNF-α tumor necrosis factor-α, VCAM−1 vascular cell 
adhesion molecule-1, VE-cadherin vascular endothelial-cadherin, 
VE-statin vascular endothelial-statin, VEGFR2 vascular endothelial 
growth factor receptor 2, VEGFR3 vascular endothelial growth factor 
receptor 3, VWF von Willebrand factor

Marker Endothelial cell type

VE-statin Embryonic ECs
CD31/PECAM-1 Non-specific ECs
CD144/VE-cadherin Non-specific ECs
CD146/MCAM Non-specific ECs
CD54/ICAM-1 ECs marker in sites of inflammation
EphB4 Adult venous ECs
VWF HUVECs
CD105/Endoglin Proliferating vascular ECs
CD62P/P-selectin Vascular ECs
CD102/ICAM-2 Vascular ECs
CD141/Thrombomodulin Vascular ECs
VEGFR2 Vascular ECs and EPCs
EphrinB2 Arterial ECs
Podoplanin Lymphatic ECs
LYVE-1 Lymphatic ECs
CD62E/E-selectin ECs after stimulation by TNF-α and IL-1β
CD44 ECFCs
CD34 EPCs and HUVECs
CD133/Prominin-1 EPCs
TEM8 Tumor vasculature
TNAP ECs of brain blood vessels
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and thus regulating their function [20, 34]. This proxim-
ity is also optimal for oxygen (O2) and nutrient diffusion 
between the blood and the myocardium [22]. The vascular 
endothelium indirectly controls cardiac function by adjust-
ing the perfusion of the myocardium [35].

The interaction between vascular ECs and vascular 
smooth muscle cells occurs directly, through main cross-
talk mechanisms: paracrine regulation by bioactive mol-
ecules, communication via gap junctions, or information 
transfer via extracellular vesicles or extracellular matrix 
(ECM) [36].

In general, ECs are connected side-by-side through 
transmembrane adhesion proteins [37], including vascular 
endothelial and neural cadherin at adherent junctions [38, 
39], occludin [40], and members of the claudin family [41], 
as well as the junctional adhesion molecule (JAM) family at 
tight junctions [42]. This cell-to-cell adhesion is translated 
into intracellular signaling pathways [37], culminating in 
specific alterations within the cell, at the cytoplasmatic level. 
Even though the molecular processes are not yet entirely 
understood [37], it is known that the signaling cascades trig-
gered by intercellular junctions control key processes such as 
cell growth and apoptosis [43, 44]. The activation of these 
junctions may also induce long-term structural changes, such 
as the formation of tight associations with pericytes (which 
may encompass gene expression modulation), determining 
the stability and maturation of the vasculature [45], or short-
lasting effects, like transient changes in endothelial perme-
ability to solutes and circulating cells [46–48]. A further 
understanding of how the endothelial junction organization 
works is of paramount importance to decipher how ECs 
sense environmental changes.

Being capable of responding to environmental changes, 
ECs represent the main regulators of vascular homeo-
stasis [3]. ECs reveal differences at the gene expression 
level, surface antigens, and morphology depending on 
their state—physiological or pathological [9]. A healthy 
endothelium is capable of responding to physical and 
chemical signals by the production of several factors 
that regulate vascular tone and cellular adhesion [49]. 
Moreover, it can inhibit the adhesion of leukocytes and 
platelets to the vessel walls [50, 51], contributing to pre-
venting thrombus formation. The endothelium can also 
regulate inflammation and vascular smooth muscle cell 
proliferation [49]. The regulation of the vascular tone is a 
major function of the endothelium. ECs can produce and 
respond to vasoactive mediators, responsible for vessel 
relaxation or constriction. Each mediator balances tissue 
O2 supply by altering vessel tone and diameter and can 
contribute to a long-term remodeling of vascular struc-
ture, subsequently governing organ perfusion [52]. A 
well-known endothelium-derived relaxing factor is NO 
[53], generated from L-arginine by the action of eNOS 
[54]. Under physiological conditions, laminar blood 
flow keeps the vascular wall in a quiescent state, with a 
predominance of NO signaling, which inhibits inflam-
mation, cellular proliferation, and thrombosis [55, 56]. 
NO is responsible for cyclic guanosine monophosphate 
(cGMP)-mediated vasodilation in vascular smooth mus-
cle cells, controlling the adaptation of organ perfusion to 
changes in cardiac output [49]. ECs also mediate vaso-
constriction via endothelin (ET) and vasoconstrictor pros-
tanoids [57]. ET is a well-recognized vasoconstrictor, 
with ET-1 isoform being expressed in vascular ECs [58]. 

Fig. 1   Characteristics of vascular and cardiac endothelial cells. Created with Smart Servier Medical Art (https://​smart.​servi​er.​com/)

https://smart.servier.com/
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While the production and release of ET-1 are stimulated 
by inflammatory cells, its decrease is mediated by NO 
and prostacyclin [58]. Released ET-1 acts autocrinally 
[59] and paracrinally on other ECs and vascular smooth 
muscle cells [60, 61]. Prostacyclin and thromboxane act 
synergistically [62] and are synthesized by cyclooxyge-
nase 1 (expressed continuously in ECs) and 2 (expressed 
when the endothelium is damaged) [63, 64]. Prostacyc-
lin binds to its receptor in vascular smooth muscle cells 
and platelets [65], promoting relaxation of the smooth 
muscle [66] and inhibiting platelet aggregation [67], 
respectively. When NO is blocked, prostacyclin plays a 
compensatory role in vessel dilation [68]. Thromboxane, 
in turn, causes platelet aggregation and vasoconstriction 
[69]. In addition, ECs are capable of communicating with 
immune cells [70]. In hypoxic conditions, ECs initiate a 
pro-angiogenic response that causes loss of barrier func-
tion and facilitates cardiac immune cell infiltration and 
subsequent inflammation and edema [71, 72]. Addition-
ally, through EC-secreted factors (chemoattractant and 
adhesion molecules), ECs enhance leukocyte infiltration. 
If not resolved, the continuous immune cell accumulation 
will be detrimental to an already damaged cardiac tissue 
[72].

Endothelial cell dysfunction 
in cardiovascular diseases

In healthy arteries, ECs remain typically in a quiescent state, 
supported by, among other factors, a laminar blood flow. 
Nevertheless, various stimuli such as chronic disease states, 
metabolic conditions (e.g., type 2 diabetes mellitus [T2DM], 
obesity, dyslipidemia), smoking, and disturbed blood flow 
can disrupt such a quiescent phenotype and lead to endothe-
lial cell dysfunction (ECD) (Fig. 2).

Different conditions, such as hypertension, atherosclero-
sis, and heart failure, are associated with varying endothelial 
cell phenotypes [73]. Until now, no universal definition of 
ECD has been recognized. However, the definition proposed 
by Segers et al. seems to be broad enough to capture most of 
its aspects. They suggested the following definition: “ECD 
represents all pathophysiological changes in endothelial cells 
related to disease; these changes include genetic, epigenetic, 
transcriptomic, proteomic, metabolic, morphological, and 
functional changes” [74].

To better understand the mechanisms driving ECD, it is 
crucial to examine the various triggers that disrupt the qui-
escent state of ECs. Factors such as inflammation, oxidative 
stress, hyperglycemia, hypoxia, toxins, and shear stress each 

Fig. 2   Risk factors for endothelial cell dysfunction and its pathological consequences. Created with Smart Servier Medical Art (https://​smart.​
servi​er.​com/)

https://smart.servier.com/
https://smart.servier.com/
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play a significant role in altering ECs function and contribut-
ing to disease.

In vitro models of endothelial cell 
dysfunction

The complexity of ECD, associated with the distinct triggers 
that can provoke it, has been untangled with the utilization 
of several in vitro models. Different stimuli, chemical or 
mechanical, may be applied to ECs in culture, depending on 
the required outcome in terms of cellular dysfunction. These 
stimuli can be applied to 2D or 3D culture models (Fig. 3).

The shape of ECs varies in different in vitro models. In 
the standard 2D cell cultures, cells reveal a cobblestone 
shape, whereas in more advanced models with a dynamic 
flow, cells mimic the physiologic shape of vascular ECs 
in vivo, acquiring an elongated shape, due to shear stress 
[75].

Cell lines can be propagated repeatedly and sometimes 
indefinitely [76]. The use of cell lines in culture offers a 

consistent and uniform population of cells, reducing vari-
ability in results compared to primary cell cultures [77, 78]. 
Moreover, as nowadays cell lines are broadly used, they are 
readily available from cell banks, which makes them more 
easily accessible, and more cost-effective [77]. However, 
phenotypic changes are poorly controlled in cell lines and 
tend to appear over time due to the accumulation of muta-
tions [78]. Primary ECs, in turn, are sourced either from 
animal tissues or patient biopsies and offer the possibility of 
comparing a diseased phenotype and a dysfunctional status 
to control cells [79, 80]. Primary cell cultures reveal greater 
heterogeneity, and their inherent limited replication potential 
necessarily implies the preservation of the in vivo charac-
teristics, providing a more physiological model [81]. How-
ever, protocols for cell isolation and the establishment of 
primary cell cultures may be technically challenging, costly, 
and time-consuming [81]. HUVECs have the particularity 
of exhibiting in vitro behavior akin to cells in vivo [82]. For 
this reason, they are recognized as a model system for inves-
tigating the effect of disease triggers such as hyperglycemia, 
oxidative stress, and hypoxia on the endothelium, as well 

Fig. 3   Types of cell culture models—2D and 3D—and respective advantages and disadvantages. Created with Smart Servier Medical Art 
(https://​smart.​servi​er.​com/)

https://smart.servier.com/
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as angiogenesis, and cellular immune responses mediated 
by leukocytes [83–87]. Even though they can be commer-
cially acquired as a cell line, being readily characterized 
and accessible, one disadvantage lies in the fact that they 
may not express all the surface molecules as primary cells 
do, due to the immortalization process, making them a less 
reliable model of the in vivo behavior [88]. 3D cell culture 
models are advanced in vitro systems designed to mimic 
the complexity of human tissues and organs better than 
traditional 2D cell cultures. These models are capable of 
more effectively recreating the multicellular architecture and 
cell-to-cell interactions, being a more reliable and versatile 
technique for the study of several complex mechanisms of 
disease [89]. Therefore, when we intend to do an experiment 
to study ECD using cell culture, the source of the cells and 
the type of in vitro model to be used must be well planned 
since there are various options available (Fig. 3), each one 
embracing specific advantages and limitations.

Chemical stimuli

A great variety of in vitro models of ECD has been estab-
lished by applying a chemical stimulus to cell lines or pri-
mary cell cultures. Next, we review models induced by dif-
ferent chemical stimuli.

Vasoconstriction/vasodilation imbalance

The induction of an imbalance in the availability of vasocon-
strictors and vasodilators may promote ECD. A recent study 
tested the reduction of NO synthesis as a stimulus to mimic 
ECD [90]. This study was carried out in the murine thymic 
endothelioma cell line (tEnd.1), which has been proven to 
maintain the functional properties of normal endothelium 
[91, 92]. Additionally, tEnd.1 has a high NOS activity [93] 
and a 200-fold higher NO synthesis than the untransformed 
strains [94]. Cells were treated with different concentra-
tions (from 1 to 1000 µM) of a NO synthesis inhibitor—L-
NAME—during different times (12, 24, 48, 72, 96, and 120 
h), with and without retreatment every 24 h (retreatment was 
applied to approximate this in vitro model to the chronic 
exposure that occurs in vivo). This study proposes L-NAME 
as capable of inducing ECD, showing that the conditions of 
100 μM L-NAME for 72 h without retreatment and 100 μM 
L-NAME for 96 h with retreatment were the most effec-
tive. However, the concentration of L-NAME and the time 
of exposure may need some adaptations depending on the 
research interest and the type of cells in use.

Instead of vasodilation inhibition, in other models, vaso-
constriction is induced with angiotensin II, ET-1, or throm-
boxane A2, to promote ECD. For instance, human micro-
vascular ECs (MVECs) were incubated with Ang II (200 
nM) during 48 h, showing ECD and vascular remodeling via 

downregulation of the ion channel TRPV4/eNOS pathway 
[95]. Moreover, in isolated rat cardiac MVECs treated with 
Ang II (4 nM) during 48 h, an induction of apoptosis was 
observed via regulation of the protein tyrosine phosphatase 
1B/PI3K/Akt pathway [96]. HUVECs were treated with 
ET-1 for 24 h and the endothelial microvesicles (EMVs) 
released into the supernatant from these cells were isolated. 
HUVECs treated with ET-1-generated EMVs showed a 
higher release of interleukin (IL)−6, IL-8, total NF-κB p65, 
and active NF-κB p65 expression than HUVECs treated with 
control EMVs. Total eNOS and activated eNOS were signifi-
cantly lower in HUVECs treated with ET-1-generated EMVs 
compared with control EMVs. Thus, ET-1 induced an EMVs 
phenotype that negatively affects endothelial cell function 
[97]. Thromboxane A2 has been associated with differ-
ent cardiovascular diseases by its effects on inducing, for 
instance, vasoconstriction. Thus, this mediator can be used 
in a model of ECD. Human MVECs treated with a throm-
boxane A2 mimetic at 1 µM increased the levels of IL-8 
mRNA expression and protein secretion in a time-dependent 
manner. IL-8 is a main inducer of endothelial permeability, 
and its increase is observed early in angiogenesis, besides 
being a hallmark of chronic inflammation in atherosclerosis, 
or diabetic retinopathy [98].

Oxidative stress

Oxidative stress is a pivotal mechanism behind ECD [99, 
100], consisting of an imbalance of the redox state due to 
reactive oxygen species (ROS) overproduction, antioxidant 
systems depletion, or both; hence, models related to the 
increase of pro-oxidants have been explored. ROS can lead 
to hydrogen peroxide (H2O2) generation (in the presence 
of superoxide dismutase), which diffuses within the cell, 
oxidizing and altering protein functions [101], resulting in 
deleterious consequences. Although endothelial activation 
and redox signaling compose a normal host defense, when 
this activation is sustained, chronic production of ROS may 
exceed the capacity of cellular enzymatic and nonenzymatic 
antioxidant defenses [49], contributing to triggering vascular 
diseases such as atherosclerosis or peripheral artery disease 
[102, 103].

ROS can reduce endothelial barrier function, facilitat-
ing lipoprotein deposition and oxidative modification of 
low-density lipoprotein (LDL) particles in the vessel wall 
[104]. The role of oxidized LDL (Ox-LDL) particles as 
mediators of ECD is well established in the development of 
many CVDs, such as atherosclerosis [105]. Atherosclerosis 
starts with the accumulation of lipoproteins and inflamma-
tory cells within the vascular wall. The disease progresses 
with the formation of fibrofatty lesions in the walls of arter-
ies, leading to adverse health events such as myocardial 
infarction, stroke, and peripheral artery disease [106]. By 
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interacting with lectin-type Ox-LDL receptor-1, Ox-LDL 
is capable of suppressing the constitutive eNOS expression 
[107], elevating the expression of adhesion molecules and 
chemokines in ECs, and inducing macrophage proliferation, 
collagen production, vascular smooth muscle cell migration, 
and platelet activation [108]. The continued stimulation by 
Ox-LDL impacts the expression of cellular tight junction 
proteins (occludin) and the endothelial monolayer becomes 
hyperpermeable [109, 110], aggravating ECD.

Ox-LDL particles have been used to set in vitro models of 
ECD. Two in vitro models have already been described [111, 
112]. Both models exposed HUVECs to the same dosage of 
Ox-LDL, 100 μg/mL. However, they differed on the expo-
sure time: 24 h [111] or 48 h [112]. In the first model, ECD 
was confirmed by the significant increase of the endothelial 
monolayer permeability and damage of tight junctions [111]. 
The second one further reported an antiproliferative behavior 
of HUVECs, limited migration, and loss of endothelial bar-
rier function. The apoptosis rate was significantly increased, 
as well as the release of inflammatory factors—IL-1β and 
tumor necrosis factor (TNF)-α [112]. Both models using 
Ox-LDL are suitable in vitro models of ECD and could be 
particularly helpful for the study of atherosclerosis.

Also, increased ROS production can be attributed to 
the activity of the pro-oxidant enzymes NADPH oxidases 
(NOXs) [113]. NOX5, specifically, is regulated by intra-
cellular calcium (Ca2+) levels, but also by CVDs-related 
stimuli, such as angiotensin II and ET-1 [114]. The human 
brain microvascular endothelial cell line—hCMEC/D3 was 
used to set a model of ECD by NOX5 overexpression [115]. 
A recombinant adenovirus codifying for human NOX5-β 
cDNA was used to induce NOX5 overexpression in ECs. 
This model using hCMEC/D3 favored ECD, by decreasing 
cell proliferation, increasing caspase 3/7 levels, inducing 
apoptosis, increasing oxidative phosphorylation, inducing 
mitochondrial dysfunction, and promoting higher cell migra-
tion [115].

In HUVECs treated for 1 h with different concentrations 
(200, 400, 600, 800, and 1000 µM) of H2O2, cells showed 
reduced cell viability, migration, and angiogenic capacity, 
along with a significant increase in senescence markers 
(β-galactosidase) [116].

Inflammation

The endothelium’s initial reaction to different inflamma-
tory factors, known as endothelial activation, plays a crucial 
role in triggering a series of events that ultimately result in 
dysfunction [117]. For instance, during the early phases of 
acute myocardial infarction, the acute onset of high-grade 
local inflammation is revealed not only by the polymorpho-
nuclear neutrophils activation and recruitment of mononu-
clear cells but also by the local release of pro-inflammatory 

molecules such as IL-1 and IL-6 [118]. These pro-inflam-
matory cytokines activate neutrophils, which release mye-
loperoxidase and catalase, giving way to an oxidative burst 
with implications on local tissue damage and initiating ECs 
junctional disassembly [118–120]. At the site of infarction, 
the endothelial adherent junctions are disrupted by ROS, 
cytokines, chemokines, thrombin, histamine, platelet-acti-
vating factor, vascular endothelial growth factor, and brady-
kinins [119]. This disruption is responsible for the increase 
in microvascular permeability and local post-infarction 
edematous state [121]. As mentioned, ECs are of paramount 
importance in regulating cardiomyocyte function given their 
location in the inner lining of blood vessels (especially in the 
cardiac microvascular endothelium) and endocardial epithe-
lium [20, 122]. A link between microvascular and cardiac 
function following an ischemia–reperfusion injury has been 
reported [123]. The preservation of endothelial function, as 
seen in isolated rat hearts treated with verapamil (an L-type 
calcium antagonist used in the treatment of hypertension 
and stable angina), correlates with improved coronary flow, 
functional recovery, and reduced histopathological mark-
ers in ECs [123]. This underscores the role of endothelial 
cell-induced vasodilation in myocardial function after an 
ischemia–reperfusion injury. When a generalized and severe 
stage of inflammation is achieved, patients may develop sep-
sis, a life-threatening condition [124]. It has been proposed 
that sepsis may also accelerate pre-existing cardiovascular 
dysfunction/disease [125].

In vitro models of inflammation associated with ECD 
have been established using various triggers, such as lipopol-
ysaccharide (LPS), interferon γ (IFNγ), and TNF-α. As an 
example, HUVECs were treated with 50 ng/mL IFNγ, fol-
lowed by LPS (0, 10, 100, or 1000 ng/mL) [126]. With LPS 
treatment only, endothelial permeability increased and there 
was a significant loss of the glycocalyx. The endothelial gly-
cocalyx is a gel-like layer that lines the luminal surface of 
blood vessels, primarily composed of proteoglycans, glyco-
proteins, and plasma proteins [127]. It functions as a protec-
tive vascular barrier, regulating vascular permeability and 
mechanotransduction, while also preventing leukocyte adhe-
sion and platelet aggregation to maintain vascular homeosta-
sis [128]. The loss of glycocalyx is closely associated with 
the development of ECD and is strongly influenced by the 
degree of inflammation. Acute inflammation, as seen in sep-
sis or ischemia–reperfusion injury, leads to rapid and exten-
sive glycocalyx degradation, while chronic inflammation, 
as observed in diabetes, hypertension, and atherosclerosis, 
results in progressive but less severe degradation [128, 129]. 
However, chronic injury impairs the synthesis of glycoca-
lyx components and alters their structure, making the gly-
cocalyx more susceptible to external stressors [128]. When 
cells were treated with IFNγ only, a smaller, non-significant 
increase in endothelial permeability was noted and the loss 
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of glycocalyx was non-significant. The combined effect of 
LPS and IFNγ revealed the largest increase in endothelial 
permeability and there was a significant loss of the glyco-
calyx, accompanied by a further decrease in heparan sulfate 
proteoglycan 2. Thus, LPS treatment resulted in significant 
increases in permeability and glycocalyx loss, IFNγ alone 
had minimal effects, while the combination of both treat-
ments led to the most substantial increases in permeability 
and glycocalyx loss [126]. Also, in primary HUVECs, treat-
ment with TNF-α (10 ng/mL) during 16 h induced CXCL1 
release in the culture medium, and the same was found with 
treatment with LPS (100 ng/mL) [130].

Hypoxia

Chronic persistent or intermittent hypoxia (IH) triggers ECD 
leading to both inflammation and oxidative stress [131, 132]. 
Chronic persistent hypoxia is recurrent in chronic lung dis-
eases where O2 levels remain constantly low, while chronic 
IH is characteristic of obstructive sleep apnea, character-
ized by an intermittent pattern of episodes of hypoxia and 
reoxygenation [133]. Both types of hypoxia are present in 
conditions that are risk factors for CVDs; however, evidence 
from animal [134, 135] and cellular studies [136–138] has 
demonstrated that chronic IH is more likely to cause ECD 
than chronic persistent hypoxia. At the cellular level, under 
hypoxic conditions, the hypoxia‐inducible factor (HIF)‐
prolyl hydroxylase family of enzymes (PHD1‐3) lose their 
ability to hydroxylate HIF because they rely on O2 for their 
enzymatic activity [139]. In normoxia, hydroxylation of 
HIF-α by PHDs enables its interaction with pVHL (von Hip-
pel-Lindau protein) and targets α subunits for ubiquitination 
and proteasomal degradation [140]. Under hypoxic condi-
tions, the inhibition of PHDs activity results in HIF-α accu-
mulation and translocation to the nucleus, which, together 
with the HIF-β subunit forms, can activate transcription 
factors (HIF-1, HIF2, or HIF-3) [141]. As a result, several 
genes are regulated to counteract the impacts of hypoxia, 
promoting, for instance, angiogenesis and glycolysis, while 
also leading to the onset of pathological processes [142, 
143]. For example, chronic IH dysregulates the expression 
and activity of eNOS, disrupting NO production and, thus, 
contributing to the development of ECD. It has been shown 
that eNOS is downregulated by hypoxia in vitro, in HUVECs 
[144, 145], human coronary artery ECs (HCAECs) [146], 
and bovine pulmonary artery ECs (PAECs) [147]. In addi-
tion to changes in eNOS expression, hypoxia can also result 
in post-translational modifications of eNOS that change its 
activity. In hypoxic HUVECs, eNOS Ser1177 phosphoryla-
tion was shown to be reduced, whereas Thr495 phosphoryla-
tion was increased, resulting in altered eNOS activity and 
reduced NO production [148]. Chronic IH may also result 
in an imbalance in the ratio of arginase-1 (an enzyme that 

competes with eNOS for L-arginine) to eNOS expression, 
resulting in decreased NO availability, a key feature of ECD 
[149]. Chronic IH was found to result in selective activa-
tion of inflammatory pathways mediated by the transcrip-
tion factor NF-κB rather than adaptive pathways dependent 
on HIF-1 both in HeLa cells [150] and human endothelial 
EA.hy926 cells [151]. The pro-inflammatory cytokines 
(TNF-α, IL-6, IL-8, E-selectin) and adhesion molecules 
(VCAM-1 and ICAM-1) stimulated by NF-κB are implicated 
in the development of ECD [152, 153]. Chronic IH has also 
been found to result in increased ROS production, altering 
ECs function. For example, in pulmonary MVECs exposed 
to chronic IH, ROS production increased and was associated 
with endothelial barrier dysfunction due to ROS-dependent 
activation of extracellular signal-regulated kinases (ERK) 
1/2 and c-Jun N-terminal kinases that initiate the reor-
ganization of cytoskeletal and junctional proteins [154]. In 
HUVECs under hypoxic conditions, ROS production also 
increased and impaired microtubular structure via the PI3K/
Stathmin 1 pathway [155]. Chronic IH can also result in 
an imbalance between pro- and antioxidant systems, ulti-
mately leading to excessive ROS production and oxidative 
stress in ECs [156]. For example, in human PAECs under 
hypoxic conditions, the levels of ROS were increased, while 
the levels of mitochondrial thioredoxin 2, an antioxidant pro-
tein, were reduced which could contribute to exacerbating 
hypoxia-induced ROS production [157].

Different frequencies and degrees of hypoxia have also 
been used as in vitro models of ECD [136]. For example, 
EA.hy926 cells (produced by hybridization of HUVECs 
with the epithelial cell line A549) were housed in a custom-
ized chamber where premixed air was delivered in a con-
trolled way. Several cycles of IH and reoxygenation were 
programmed, resulting in cyclic fluctuations of cellular O2 
pressure. Cells were divided into six experimental groups 
(IH1 to IH6). All groups were exposed for 5 h to 1.5% O2 
concentration levels, except for IH6, which received 10% at 
the same frequency. In groups IH1 to IH5, the duration of 
IH, as well as the O2 concentration, was maintained stable, 
while reoxygenation was progressively shortened, and the 
frequencies gradually increased. The authors concluded that 
the inflammatory responses, oxidative stress, and imbalance 
of vasoactive substances caused by IH should be related to 
the frequency and degree of hypoxia. mRNA expression 
of NF-κB p65, TNF-α, and c-fos (a constituent part of the 
activator protein complex-1, a transcription factor associ-
ated with inflammation [158]) did not increase gradually 
with the increase in frequency. Instead, they increased from 
the IH1 to IH3 groups and then decreased gradually in IH4 
and IH5 groups. Notably, the duration of reoxygenation 
emerges as a critical factor influencing ECD. However, a 
longer duration of reoxygenation was not associated with 
more severe damage to the cells. When the IH frequencies 
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were further increased, the reoxygenation cycles were neces-
sarily shortened, and ECD was moderated. However, when 
the reoxygenation was extended for longer, cell repair started 
and ECD decreased [136]. A higher degree of inflammation 
was verified in groups IH1 to IH3 (IH period of 1.5% O2 for 
15 s followed by reoxygenation periods of 21% O2 for 8 min 
and 15 s, 5 min and 15 s, and 3 min and 45 s, respectively). 
A higher level of oxidative stress and a major imbalance of 
vasoactive substances (NO and ET-1) was verified in groups 
IH3 and IH6 (IH6: IH period of 10% O2 for 15 s followed by 
a reoxygenation period of 21% O2 for 3 min and 45 s) [136]. 
In conclusion, the key phase to induce different effects of 
ECD with this model is the duration of the reoxygenation 
cycle.

Hyperglycemia

Diabetes is associated with the accelerated disappearance of 
capillary endothelium [159], morphological and functional 
alterations of ECs [160], and the weakening of intercellular 
junctions [161], which ultimately leads to ECD. In diabetes, 
when protective stimuli such as acetylcholine [162] and insu-
lin [163] are diminished, there is a decrease in eNOS activity 
and expression, as well as eNOS uncoupling. This results in 
reduced NO production and increased production of radical 
superoxide [164]. Hyperglycemic conditions not only reduce 
NO production but also enhance NF-κB activation and pro-
mote inflammatory gene expression and leukocyte recruit-
ment [165]. NF-κB is a key transcriptional regulator of 
inflammatory mediators and leads to, for example, increased 
expression of TNF-α, IL-6, IL-8, E-selectin, VCAM-1, and 
ICAM-1 [166–168]. Even transient hyperglycemia has been 
shown to induce epigenetic modifications that sustain NF-κB 
expression and promote ECD even after the restoration of 
normoglycemia [169]. Hyperglycemia instigates the forma-
tion of advanced glycation end products (AGEs), irreversibly 
modifying proteins, therefore contributing to ECD [170]. 
AGEs interact with cell surface receptors like RAGE, trig-
gering endothelial ROS production and pro-inflammatory 
gene expression [171]. Additionally, AGEs reduce NO pro-
duction and inhibit histamine-induced NO production in ECs 
[172]. AGEs also modify proteins from the ECM, leading to 
vessel stiffening and ECs stress [173–177]. In the setting of 
hyperglycemia, there are several sources of ROS production, 
such as mitochondrial superoxide production, eNOS uncou-
pling, and AGE-dependent NOXs activation [178–180]. In 
summary, the hyperglycemic state inherent to diabetes leads 
to ECD and inflammatory responses that persist even after 
normoglycemia restoration, due to epigenetic modifications 
[175]. While antioxidant therapies may show promise in 
mitigating oxidative stress and inflammation in experimental 
models, there is still a large number of inconsistent clinical 

outcomes given the complexity of targeting ROS-mediated 
pathways in diabetic vascular complications [181].

The sustained exposure of ECs to high glucose levels is 
another way to induce ECD. For instance, HUVECs were 
cultured with high glucose levels (30 mmol/L) for short-term 
(48 h and 72 h) and long-term exposures (13 days) [182], 
and both exposure times consistently induced cell apopto-
sis, showing approximately a 20% increase after 48 h and 
around a 46% increase after long-term exposure. Human 
retinal MVECs (HRMVECs) were also used for the study 
of diabetic retinopathy, a condition characterized by ECD 
[182]. HRMVECs were treated with increasing concen-
trations of D-glucose (25, 50, 100, and 150 mM), and the 
control group with mannitol in the same concentrations. It 
must be noted that the osmotic pressure adjustment in the 
control group should be made by adding mannitol or another 
suitable organic solute to the medium, because these are 
biocompatible and non-toxic, making it a suitable choice for 
adjusting osmotic pressure without interfering with the bio-
logical processes under study [183]. In this model, 25 mM 
and 50 mM glucose were deemed significant hyperglycemia 
thresholds to severely inhibit ECs proliferation. The prolif-
eration of ECs was enhanced at 25 mM but diminished at 50 
mM and 100 mM, while the migration capacity increased 
at 25 mM and 50 mM and decreased at 100 mM. Apoptosis 
was higher at 25 mM and 50 mM, and cell permeability 
increased with rising glucose concentrations, particularly at 
48 h after treatment [182]. Additionally, VEGF-A secretion 
increased linearly with glucose concentration [182]. VEGF-
A is known to promote the retinal expression of ICAM-1, 
promoting the adhesion of leukocytes to the retinal vessels, 
the disintegration of the blood–retina barrier, ECs damage, 
and apoptosis [184].

Another culture model was employed by Leng et  al. 
[185], in which rat aortic endothelial cells (RAOECs) were 
isolated from the aorta of diabetic Sprague Dawley rats. 
RAOECs were cultured in a high glucose medium (33 mM 
glucose) for 48 h. After being exposed to hyperglycemia, the 
cells’ supernatant revealed an increase in cytokine levels—
such as IL-6, TNF-α, IL1β, and IL-18. Besides, a decrease 
in glutathione peroxidase and superoxide dismutase activity 
was found in RAOECs, as well as an upregulation of the 
levels of ROS [185].

Toxins

Environmental stressors, such as air pollution [186], and 
numerous toxic substances [187] can lead to ECD. For 
instance, in HUVECs, incubation with arsenic (arsenite 20 
µM) for 24 h induced a significant increase in AngII produc-
tion in the cell supernatants and cell surface levels of AT1R. 
Also, the production of E-selectin, ICAM-1, IL-8, and MCP-
1, evaluated in the cell culture supernatants, as well as the 
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generation of ROS and malondialdehyde, in HUVECs, sig-
nificantly increased with arsenic treatment [188]. Cigarette 
smoke is a factor known to induce ECD. In cultured bovine 
PAECs, cigarette smoke extract caused disruption of focal 
adhesion complexes, F-actin fibers, and adherens junctions 
and decreased activities of RhoA and focal adhesion kinase 
[189]. Also, p-cresol is a uremic toxin, found to accumulate 
in the serum of chronic kidney disease patients [190], reveal-
ing deleterious effects on the endothelium in vitro [191, 
192], and inducing the formation of EMVs in cultured ECs 
[193, 194]. An in vitro model of ECD was described using 
p-cresol [195]. HUVECs were incubated with p-cresol at 25 
μg/mL for 24 h, resulting in the generation of EMVs, which 
interfere with endothelial repair processes by decreasing the 
migratory capacity and the ability to form new vessels and 
by increasing cell senescence. All these cellular alterations 
are associated with ECD.

Nutrient deficiency

Cell starvation is another method used to cause ECD. For 
instance, to induce different degrees of starvation, the cul-
ture medium of HUVECs was changed at 48, 72, or 96 h, 
representing different degrees of starvation in comparison 
with non-starved cells (medium changed every 24 h). This 
model results in progressive nutrient constraints, seeking 
to be more physiological. The optimum time to induce 
ECD by starvation was 96 h since a decrease in angiogenic 
and migratory capabilities, as well as an increase in recog-
nized markers of senescence, such as β-galactosidase, were 
observed [116]. Another in vitro model of ECD implies the 
treatment of ECs with low magnesium (Mg2+) concentra-
tions. Low Mg2+ triggers a pro-oxidant and pro-inflamma-
tory phenotype, retarding cell growth and promoting cell 
senescence [196–198]. Mg2+ is the fourth most abundant 
mineral in the human body [199], and its deficiency is one 
of the many factors that impair endothelial function [196, 
199]. Physiologically, at the cellular level, Mg2+ is involved 
in metabolic pathways acting as an enzyme cofactor, con-
tributes to the regulation of membrane stability, regulates 
ion channels, and acts as an intracellular signal [200, 201]. 
In HUVECs subjected to normal (1 mM) and low (0.1 mM) 
Mg2+ concentrations for 24 h, in a custom-made Mg2+-free 
medium supplemented with magnesium sulfate (MgSO4), 
Mg2+ deficiency upregulated the pro-oxidant protein 
thioredoxin-interacting protein (TXNIP), a contributor to 
ROS generation, increased endothelial permeability (alter-
ing inter-endothelial junctions by disrupting VE-cadherin 
distribution), and promoted the accumulation of triglycer-
ides in lipid droplets [202]. The authors found that silencing 
TXNIP protein expression restored endothelial permeability 
and membrane localization of junctional proteins. Thus, in 
HUVECs, Mg2+ deficiency promotes oxidative stress, and 

the upregulation of TXNIP seems to participate in the accu-
mulation of ROS, triglycerides in lipid droplets, and hyper-
permeability [202].

Mechanical stimuli

Vascular ECs, as integral components of blood vessels, are 
continuously exposed to mechanical forces generated by 
blood flow, including fluid shear stress and cyclic tensile 
stress [203]. These mechanical forces influence endothelial 
function and are crucial for capillary patterning, ensuring 
efficient oxygen and nutrient delivery [204]. They also drive 
vascular remodeling in major arteries, helping to maintain 
blood pressure, and regulate cell morphology, polarity and 
migration [204, 205]. These forces are primarily sensed 
through primary cilia, the glycocalyx, integrins, G-protein-
coupled receptors, ion channels, CD31, VE-cadherin, and 
VEGFR2. However, the specific signaling pathways acti-
vated depend on the nature of the mechanical force applied, 
leading to distinct cellular responses.

Shear stress refers to the force exerted by blood flow par-
allel to the endothelial surface and can be classified as lami-
nar flow and turbulent flow [203]. Laminar shear stress is a 
steady, unidirectional force exerted by blood flow in straight 
arteries and large vessels, promoting anti-inflammatory, anti-
thrombotic, and vasoprotective effects. Activation of these 
sensors triggers PI3K/Akt signaling and eNOS activation, 
increasing NO production as well as promotion of nuclear 
factor erythroid 2-like 2 (Nrf2), responsible for antioxidant 
gene expression [206]. Moreover, MAPK/ERK signal-
ing upregulates Kruppel-like factor-2 (KLF2) and KLF4, 
which enhance eNOS expression, inhibit NF-κB signaling, 
and suppress TNF-α receptor expression, reinforcing anti-
inflammatory and atheroprotective effects [207]. Addition-
ally, low laminar flow found in smaller vessels promotes a 
quiescent state in ECs, while in larger vessels, higher physi-
ological shear stress induces ECs' elongation and alignment 
parallel to the flow direction [208, 209]. Also, the Golgi 
apparatus positions itself upstream of the nucleus, orienting 
against the flow direction, reflecting the establishment of 
front–rear polarity [210]. On the other hand, turbulent flow 
refers to the irregular, oscillatory mechanical forces created 
by disturbed blood flow at arterial branches, bends, and dys-
functional venous valves [206]. Unlike laminar shear stress, 
this type of shear stress is pro-atherogenic, pro-inflammatory 
and contributes to ECD, making it a key factor in the devel-
opment of atherosclerosis and other cardiovascular diseases 
[203]. Turbulent flow promotes NF-κB and AP-1 activity 
that upregulate pro-inflammatory and pro-atherogenic genes 
such as ICAM-1, E-selectin, platelet-derived growth factor 
(PDGF)-BB, IL-1a, bone morphogenic protein-4 (BMP-4), 
monocyte chemotactic protein-1 (MCP-1), and ET-1 [211]. 
Additionally, under turbulent flow, ECs become randomly 
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oriented, adopting a rounded or cobblestone-like morphol-
ogy [212]. Cell–cell junctions weaken, leading to increased 
endothelial permeability, while polarity is disrupted, with 
ECs failing to align with the flow direction [209].

Cyclic stretch refers to the radial force caused by the 
stretching and relaxation of endothelial and vascular smooth 
muscle cells due to pulsatile blood pressure [213]. This 
mechanical stimulus can have both physiological and path-
ological effects on vascular function. Under physiological 
conditions, cyclic stretch plays a crucial role in maintain-
ing vascular homeostasis. It activates the PI3K/Akt path-
way, leading to eNOS activation and NO production, which 
promotes vasodilation and anti-inflammatory effects [214]. 
Additionally, it reduces ROS formation and limits apopto-
sis via the PI3K/Akt/Bad pathway [214, 215]. In contrast, 
pathological cyclic stretch, as seen in hypertension and ath-
erosclerosis, contributes to ECD and cardiovascular disease 
progression [212]. It is linked with increased ROS produc-
tion that reduces NO bioavailability impairing endothelial 
function [207, 214]. This pathological stretch also acti-
vates NF-κB, promoting the secretion of pro-inflammatory 
cytokines such as IL-6/8 and the expression of CD40 and 
VCAM-1, driving immune cell recruitment and contrib-
uting to atherosclerosis progression [214]. To model and 
study ECD induced by these mechanical stimuli, a variety of 
in vitro flow-loading and stretch loading devices have been 
developed. Next, we review some models induced by cyclic 
stretch and shear stress. This topic can be explored in more 
detail in [216, 217].

Cyclic stretch

Isolated cyclic stretch as a stimulus for ECD can be a valu-
able trigger [218]. However, it can also be useful in combi-
nation with other triggers, such as hypoxia, because studying 
multiple triggers provides a more holistic understanding of 
the mechanisms driving ECD and allows for a more robust 
and representative model that mirrors the pathophysiologi-
cal conditions observed in vivo [219]. With this purpose, 
HUVECs were seeded into fibronectin-coated flexible sili-
cone chambers to ensure optimal cell growth and adherence 
[220]. Then, cyclic stretch was applied by using a STREX® 
system. The STREX® system involves the application of 
controlled mechanical forces to biological samples (e.g., 
cells or tissues) with simultaneous monitoring of their 
responses, allowing for the precise and quantitative meas-
urements of mechanical forces at the cellular level. Both 
physiological and pathological environments were mim-
icked, with variations in O2 levels (in both normoxic and 
hypoxic conditions) for 20 h to simulate cellular responses 
to mechanical and environmental stimuli [220]. Examining 
HUVECs morphology under various conditions revealed 
changes such as elongation and stress fiber formation [220]. 

Cyclic stretch and hypoxia synergistically increased ROS 
production, and both independently increased IL-6 secretion, 
nerve growth factor, and fibroblast growth factor-2 (FGF-2) 
secretion, with the latter two being implicated in endothelial 
cell proliferation.

The use of nanoparticles (NPs) could also be paired 
with cyclic stretch to recapitulate different physiological 
environments. In the work of Deweirdt et al. a model of 
endothelial cell culture was used to mimic the environment 
of pulmonary hypertension, combining both chemical and 
physical stimuli—NPs and cyclic stretch, respectively [220]. 
Exposure to inhaled NPs is thought to be an occupational 
hazard. However, its toxic effects on humans have not yet 
been widely recognized. Also, from an epidemiological 
standpoint, the impact of NPs on health remains uncertain 
[221, 222]. Briefly, human PAECs isolated from the main 
branch of the pulmonary artery of young male donors were 
cultured in fibronectin-coated (5 μg/cm2) flexible silicon 
chambers. Both physiological and pathological stimulations 
were performed. Physiological stimulation was done with 
static culture in normoxia (21% O2). In contrast, pathologi-
cal stimulation involved cyclic stretch at 5% or 20% strain 
at 1 Hz frequency for 20 h in normoxia (21% O2) and in 
hypoxia (1% O2) combined with 20% cyclic stretch and 
exposure to NPs. After this initial culture and application of 
physical (e.g., stretch) and chemical (e.g., O2) conditions, the 
cells were exposed to FW2 NPs at different concentrations 
(5, 7.5, and 10 μg/cm2) for 4–6 h. The results showed that 
FW2 NPs significantly increased the production of ROS, and 
this was more pronounced under simulated disease condi-
tions (hypoxia and cyclic stretch). Enhanced inflammatory 
status, marked by increased release of IL-6, was observed 
in cells exposed to FW2 NPs. Another similar model was 
employed by Germande et al. using human PAECs exposed 
to both nickel oxide NPs (NiONPs) and cyclic stretch [223]. 
A notable difference between the two models is the concen-
tration of NPs, which were between 0.5 and 10 μg/cm2, and 
the treatment duration between 4 and 24 h. The results of 
NiONP exposure were similar to those of FW2 NPs, show-
ing an increase in ROS production, release of IL-6, and 
altered Ca2+ signaling.

Shear stress

Another trigger of ECD is shear stress. Fluid shear stress 
was employed by Ghim et al. [224] in cultured cells in order 
to better understand the physical mechanisms underlying 
atherosclerosis. Shear stress was applied to HUVECs by 
placing plates on an orbital shaker for 3 days. After the cells 
were exposed to 48 h of shear stress, TNF-α was added for 
24 h. The flow simulations used showed a varying shear 
stress profile across the well. When it comes to morphology, 
HUVECs in the annulus displayed an elongated phenotype, 
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while those in the center exhibited cobblestone morphology. 
Nuclei elongation increased with radial distance under high-
magnitude uniaxial flow. Monocyte adhesion was higher in 
the center compared to the edge of the well, particularly 
with TNF-α treatment. It was also found that segmentation 
increased monocyte adhesion and the expression of adhesion 
molecules in TNF-α-treated HUVECs at the center but not 
at the edge of the well [224]. In conclusion, the use of the 
cellular model presented by the work of Ghim et al. offers 
a view into the relationship between fluid shear stress and 
ECD. In order to enhance the applicability of this in vitro 
model, the effect of shear stress could be combined with 
other relevant triggers, such as hyperglycemia. This way, this 
model arises as a relevant tool for investigating the dynam-
ics of vascular pathology. Other studies employed similar 
techniques, such as parallel-plate flow chamber systems 
(PPFCs), cone-and-plate systems, and orbital shaker systems 
to conduct various experiments with ECs [225–227]. Studies 
using PPFCs usually target the analysis of cell morphology 
and alignment in ECs such as porcine aortic ECs [228] and 
HUVECs [229], and showed that the cells align gradually 
with the flow direction, morphologically change from a cob-
blestone aspect to an elongated shape, and alter intercellu-
lar space properties such as the increase in junction length. 
Other investigations employing the cone-and-plate systems 
and orbital shaker systems in ECs experiments also ana-
lyze cell morphology [227, 230, 231], protein expression by 
Western blotting or ELISA (e.g., IL-6, FGF-2) [232–234], 
and mediators involved in eNOS activation [235, 236].

3D cell culture models

Most in vitro studies of ECD rely on 2D cell models where 
a monolayer of ECs is grown on tissue culture polystyrene 
(TCPs) plates [237]. The relatively straightforward manu-
facturing process, low production cost, and optical transpar-
ency drive the mass production of this type of tissue culture 
plate, making it the primary platform for adherent cell cul-
tures [238]. However, for numerous reasons, 2D models are 
very reductionist and oversimplify the in vivo conditions of 
ECs. For example, 2D cultures only allow interactions with 
neighboring cells and the formation of cell-ECM adhesions 
on the substrate side in the horizontal plane, whereas in 3D 
culture, cells are capable of forming adhesions on all sides in 
a dynamic way [239]. Additionally, in 2D cultures, ECs can 
easily spread and migrate due to the lack of physical impedi-
ments, while in 3D cultures, a surrounding matrix poses con-
straints that enforce the ECs’ adaptation to fit through matrix 
pores and often require matrix degradation for spreading and 
migration [240]. In fact, the vascular endothelium grows 
in the body as a monolayer of cells lining the inner sur-
face of blood vessels within a 3D microenvironment sup-
ported by collagen and proteoglycan ECM [241, 242]. This 

microenvironment is of extreme importance due to its role 
not only as a structural, modifiable, and flexible scaffold for 
cells but also as a provider of a range of biochemical and 
biophysical signals that collectively regulate cell behaviors 
such as spreading, proliferation, migration, differentiation, 
and apoptosis [87]. In the case of ECs, the glycocalyx, as 
mentioned before, is a layer composed essentially of glyco-
proteins that reside on the surface of the cells and is the main 
element of their ventral microenvironment, in vivo [243]. 
However, 2D models fail to mimic the main ECM where 
ECs grow in vivo and the development of the glycocalyx 
is unknown in this type of culture [87]. Regarding ECD, 
especially in the context of CVDs, ECM remodeling is an 
important area of interest due to its relationship with altera-
tions in the normal function of ECs. Current 2D models are 
very limited and physiologically inaccurate, and the data 
obtained from them may not translate to the in vivo setting, 
ultimately delaying the advancement of knowledge in this 
field. In fact, ECs cultured in 2D vs. 3D models have been 
shown to have different gene expression and morphological 
disparities [244]. The main goal of 3D cultures is to provide 
cells with a bulk ECM with properties that guide cells to 
develop or sustain a desired phenotype and, implicitly, to 
rely upon the cells themselves to create a local 3D microen-
vironment that mimics the in vivo microenvironment. Addi-
tionally, some 3D systems are specifically designed to incor-
porate hemodynamic forces, such as shear stress and shear 
strain from blood flow, which can significantly influence 
cell behavior [225]. Thus, current 3D cell culture systems 
are broadly classified into scaffold-based and scaffold-free, 
depending on whether cells grow with or without the support 
of a physical structure [245]. Furthermore, the incorporation 
of dynamic culture media flow within these models allows 
for an additional classification into static or dynamic 3D 
cell cultures. This section will explore these models in the 
context of ECD research, along with the recent emergence 
of complex microfluidic devices known as organ-on-a-chip 
systems (Fig. 4).

Scaffold‑free 3D cell culture systems

In scaffold-free 3D cell culture systems, no exogenous 
matrix or support is used to mimic the ECM [246]. Instead, 
cell assembly relies on self-aggregation and the natural 
secretion of ECM components, with various cell–cell inter-
actions driving the formation of 3D structures. The most 
straightforward method consists of culturing suspended 
cells in a nutrient medium, allowing their natural tendency 
to aggregate to form structured 3D cell clusters, known as 
spheroids [245]. Regarding static scaffold-free 3D cultures, 
the most common techniques employed are the forced float-
ing method, the hanging drop method, and the magnetic levi-
tation method while for dynamic systems, agitation-based 
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techniques are applied using spinner flask bioreactors and 
rotational flask bioreactors [247]. These models are rarely 
used for culturing ECs alone to study ECD. Instead, they 
are more commonly applied to generate spheroids formed 
through the assembly of various cell types, a practice widely 
used in tumor research, but also with some applications in 
modeling cardiac tissue envisioning the potential use in 
treating CVDs [248–251]. For instance, co-culturing car-
diomyocytes, ECs, smooth muscle cells, and cardiac fibro-
blasts derived from human-induced pluripotent stem cells 
(iPSCs) employing the forced floating method using ultra-
low attachment plates have been shown to result in the for-
mation of cardiac spheroids [252]. Researchers found that 
the spheroids composed of all four cell types demonstrated 
improved sarcomere maturation compared to spheroids con-
taining only cardiomyocytes and highlighted the potential of 
this model for broader applications. Similar approaches have 

successfully generated cardiac spheroids using rat neonatal 
ventricular cardiomyocytes, human dermal fibroblasts, and 
human coronary microartery ECs in ultra-low attachment 
plates [253], as well as spheroids composed of human iPSC-
derived cardiomyocytes, human cardiac fibroblasts, and 
HUVECs in an ultra-low attachment hanging drop system 
[254]. In both cases, the spheroids were engineered with the 
goal of serving as building blocks for cardiac tissue patches 
intended for future grafting into damaged native myocar-
dium and aid in the treatment of heart failure. Additionally, 
a study successfully created magnetically ensembled sphe-
roids composed of mouse myoblasts cells and HUVECs that 
had internalized magnetic nanoparticles (MNPs) extracted 
from Magnetospirillum magneticum [255]. Although these 
spheroids were initially designed for in vivo testing of their 
engraftment and vascularization potential in murine kid-
ney and hindlimb ischemia models, the results showed that 

Fig. 4   Types of 3D cell culture systems. Created with Smart Servier Medical Art (https://​smart.​servi​er.​com/) and BioRender (https://​www.​biore​
nder.​com/)

https://smart.servier.com/
https://www.biorender.com/
https://www.biorender.com/
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MNP internalization did not compromise HUVEC viability. 
Moreover, spheroids containing both cell types with MNP 
exhibited enhanced sprouting capability. Although these 
models were not originally developed to study ECD, they 
hold significant potential for such applications. By intro-
ducing known triggers of ECD into these 3D models, it 
would be possible to observe not only how ECs are directly 
affected, but also how their interactions with surrounding 
cell types are altered within the complex microenvironment 
of the spheroids.

Scaffold‑based 3D cell culture systems

In scaffold-based 3D cell culture systems, ECM-like struc-
tures are introduced to provide physical support for cell 
adhesion, proliferation, and differentiation, typically in the 
form of polymer-based scaffolds or hydrogels [87]. Scaffolds 
are solid, porous structures made from biocompatible mate-
rials such as natural or synthetic polymers. Native biomate-
rials offer not only higher biocompatibility but also higher 
batch-to-batch variability, while synthetic polymers are 
more easily reproducible but do not recapitulate the native 
properties of ECM [245]. On the other hand, hydrogels are 
crafted from biomimetic materials and categorized as natu-
rally derived, synthetic, or hybrid hydrogels based on their 
origins and compositions [256]. Due to their hydrophilic 
properties, biocompatibility, and structural resemblance to 
the native cells’ microenvironment, hydrogels are a more 
reliable instrument for research with ECs.

The use of scaffold-based 3D models to study ECs behav-
ior and molecular mechanisms is also more frequent in can-
cer research, namely to investigate angiogenesis associated 
with tumorigenesis, and still very scarce for ECD investiga-
tion in the context of CVDs [245, 247]. In one study, the 
effects of TNF-α stimulation were examined in HUVECs 
cultured in 2D TCPs and in a 3D hydrogel gelatin-based 
carotid artery model [257]. HUVECs grown in the 3D model 
exhibited not only a markedly elevated level of oxidative 
stress, expressed by an increased level of malondialdehyde 
and superoxide dismutase activity inhibition, but also an 
increased inflammatory response with more secretion of 
IL-1 and IL-6 in response to TNF-α when compared to 
ECs grown on 2D TCPs. Also, in the case of 3D cultures, 
Western blotting analysis demonstrated that angiotensin-
converting enzyme and CD40 were upregulated, and that 
sirtuin 1 and sirtuin 6 were inhibited after TNF-α treatment. 
In addition, the effects of H2O2 were studied in HUVECs 
and, in particular, whether suppressing the expression of the 
polar protein partitioning defective protein 3 could affect the 
endothelial barrier function [258]. In this case, HUVECs in 
3D culture were also more susceptible to damage by H2O2 
than those cultured in 2D. Furthermore, analysis of different 
gene expression patterns showed that H2O2 altered cell–cell 

connections more markedly in 3D cultures by downregulat-
ing polarity-related signaling pathways in HUVECs through 
a reduced expression of claudin 1 gene and VE-cadherin, 
compromising the barrier function.

The scaffold-based 3D models mentioned above are 
considered static systems, as they replicate the structural 
support of the ECM but do not emulate the hemodynamic 
forces that ECs are exposed in vivo [225]. The models we 
mentioned previously to study shear stress are categorized as 
dynamic or flow-based cell culture systems but are still 2D 
models that lack the dimensionality provided by 3D mod-
els. However, there are dynamic scaffold-based 3D models 
used to study flow shear stress, such as polydimethylsiloxane 
(PDMS) only models, and others that combine the hydrogel 
cell culturing techniques with more complex microfluidic 
systems, namely PDMS-derived, PDMS-hydrogel hybrids, 
or pure hydrogel models [259].

PDMS-alone devices are usually stiff linear structures 
with microchannels where cells are seeded and grow lining 
the surface of the microchannel. These devices are perme-
able to gases and have an inlet-channel-outlet flow system; 
however, PDMS rigidity does not allow a full mimicry of 
the characteristics of native tissue environments, thus mak-
ing no room for remodeling of ECs’ surroundings [216]. On 
the other side, PDMS-hydrogel hybrids and pure hydrogel 
models are much more successful in resembling the ECs’ 
microenvironment. In the case of PDMS-hydrogel hybrids, a 
middle section made of a hydrogel scaffold is lined between 
two outer sections that consist of PDMS channels lined with 
ECs [216]. The entire model is constructed to include micro-
channels that allow microcirculation of fluids regulated by 
external pump mechanisms, thus resulting in ECs’ migra-
tion from the PDMS surface onto the hydrogel giving rise 
to the formation of vessel sprouts. In the case of hydrogel-
embedded microchannels, a PDMS chamber is created with 
two media orifices and an ECM orifice in the center contain-
ing a needle in the middle with a defined diameter from 15 
to 300 μm [216]. Then, the hydrogel scaffold is allowed to 
be set at the ECM compartment around the needle that is 
removed once the polymerization of the scaffold is finished. 
This results in an open cylindrical microchannel integrated 
within the 3D scaffold where the ECs are seeded and grown 
until a completely endothelialized circular lumen is achieved 
[259]. These models have been widely used for studying 
angiogenesis and mechanisms behind shear stress-induced 
vascularization outside the context of ECD, but are also 
more focused on tumor angiogenesis [260, 261].

Organ‑on‑a‑chip models

Over the past decade, the development of a novel tech-
nique known as organ-on-a-chip (OOAC) has gained great 
popularity [262, 263]. This technique typically comprises 
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microfluidic devices combined with 3D microchip fabrica-
tion techniques, enabling the creation of continuously per-
fused chambers that mimic tissue and organ-level physiology 
[263]. These models have the ability not only of applying at 
a microscale what the models mentioned above employ in 
a macroscale but also, depending on their design, combine 
the best features of the 3D models: the dimensionality from 
hydrogels matrices resembling the ECM; the different hemo-
dynamic forces that the manipulation of microfluids can sim-
ulate; and the possibility of including different chemical and 
biochemical gradients [264]. The PDMS-hydrogel hybrids 
and pure hydrogel models already described overlap with 
this definition of the OOAC technique. In reality, OOAC 
is more an application of these dynamic scaffold-based 3D 
models but with higher complexity. In the case of ECs, these 
models are sometimes also referred to as endothelium-on-
a-chip, vessel-on-a-chip, or microvasculature-on-a-chip and 
sometimes require co-culturing ECs with vascular smooth 
muscle cells, fibroblasts, and other cells [265, 266].

Few works have applied these models to study ECD but 
not always in the context of CVDs. In a study that developed 
a model that included microfluidic channels in a type I col-
lagen gel, HUVECs were seeded and cultured alone or with 
human brain vascular pericytes or human umbilical arte-
rial smooth muscle cells embedded in the collagen scaffold 
[267]. The system included an inlet and an outlet system that 
allowed cells to seed and be perfused with culture medium 
or whole blood. The authors aimed to investigate interac-
tions between ECs and perivascular cells, and interactions 
between blood components and endothelium in the context 
of angiogenesis and thrombosis. More relevant for target-
ing ECD was the study of blood–endothelium interactions, 
where HUVECs were divided into untreated (quiescent 
endothelium) and stimulated with phorbol-12-myristate-
13-acetate (PMA) to mimic an inflammatory response before 
whole blood perfusion. In the untreated group, most platelets 
did not adhere and flowed past the endothelial surface. Only 
a minor fraction of platelets exhibited a reversible adhesion, 
later rolling along endothelial surfaces, while firm plate-
let adhesion was restricted to specific endothelial cell–cell 
junctions and areas of deformity within the endothelium. 
In the stimulated group, platelet aggregates rapidly formed 
on the endothelial surface, and continued to accumulate 
over time, while leukocytes adhered to the vessel walls and 
began migrating through the endothelium into the collagen 
matrix after 1 h of blood perfusion. To investigate throm-
bosis mechanisms, the collagen gel was perfused with fluo-
rescein isothiocyanate (FITC)-conjugated antibodies against 
VWF. In unstimulated HUVECs, VWF was observed in the 
endothelial cytoplasm but not on the cells’ surfaces, whereas 
in stimulated vessels, long VWF fibers up to 2 mm in length 
covered the vessel surfaces, binding to platelets predomi-
nantly irreversibly. This 3D model was able to illustrate 

the inherent non-thrombotic characteristics of the vascular 
endothelium, and its shift toward a pro-thrombotic state dur-
ing an inflammatory response.

A different study also developed a microfluidic device to 
mimic human microvascular networks using PDMS to cul-
ture HUVECs and analyzed the formation of an endothelial 
surface layer under a physiologically relevant level of fluid 
shear stress [268]. In this study, glycocalyx was observed 
in the entire lumen of the channels, making microchannels 
composed of stiff PDMS a suitable model for mechanistic 
studies.

Later, another study also aimed to create a model of 
microvasculature-on-a-chip based on a microfluidic device 
that included an agarose-gelatin gel where HUVECs, human 
dermal MVECs (HDMVECs), or human lung MVECs were 
cultured [266]. Researchers verified that all EC types main-
tained a functional, semi-permeable barrier in the hydro-
gel microchannels one-month post-seeding. They decided 
then to use this system to study the effects of pathologically 
altered red blood cells associated with sickle cell disease 
(SCD) and malaria, with or without associated inflamma-
tory mediators, in the endothelial barrier function. Among 
other findings, they were able to confirm that: (i) overnight 
TNF-α perfusion increased permeability in HUVECs with 
upregulation of VCAM-1, ICAM-1, and E-selectin; (ii) 1 h 
perfusion of hemin (a hemolytic byproduct) at SCD rele-
vant concentrations also increased permeability in HUVECs 
and HDMVECs; (iii) and perfusion of TNF-α followed by 
Plasmodium falciparum-infected red blood cells resulted in 
heightened occlusion of microchannels, with some vessels 
within the microvascular system being nearly completely 
obstructed. This endothelial permeability model can be eas-
ily utilized for investigating microvascular endothelial bar-
rier function in CVDs.

In another investigation, a model was employed wherein 
gelatin methacryloyl hydrogel microchannels were either 
solely covered by HUVECs without fibroblasts (serving 
as the control), devoid of endothelial lining but contain-
ing encapsulated fibroblasts within the hydrogel, or with 
both endothelial lining along with encapsulated fibroblasts 
embedded within the matrix. [269]. The focus of this inves-
tigation was to study fibrosis. The microchannels were per-
fused with whole blood to form thrombi and then a micro-
fluidic system was used to introduce a continuous flow of 
a thrombolytic agent. This study was able to confirm the 
model’s biomimetic nature in replicating the in vivo fibrosis, 
given the embedment of fibroblasts in the hydrogel, which 
migrated into the clot and led to collagen type I deposition. 
It serves as a good example of an OOAC with great potential 
for studying ECD and its relationship with vascular fibrosis.

OOAC models have been employed to study various 
vascular diseases such as atherosclerosis, thrombosis, pul-
monary arterial hypertension, and others as extensively 
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reviewed by Amid Shakeri et al. [270] and are a promising 
approach to model CVDs and to more accurately demystify 
the pathophysiology of ECD. However, one of the primary 
drawbacks of OOAC models is the limited number of cells 
that can be cultured within these small devices that often are 
too minute for traditional biochemical detection methods 
such as Western blotting, gel electrophoresis, and colorimet-
ric detection [225]. These models are also highly complex 
to design. For example, in the case of ECs, each cell type, 
either cardiac or vascular, might have a preferential matrix 
for optimal culturing, and depending on the objective of the 
study, the microfluidic composition and dynamics must also 
be adjusted [270]. For these reasons, OOACs are difficult to 
validate, and sometimes, it is not possible to ensure the same 
experimental conditions between experiments. Nevertheless, 
they represent a great advance in investigation technology 
and their attempt to biomimicking cell and tissue environ-
ment is a crucial advantage compared to 2D cultures and a 
promising complement to animal model studies with great 
potential for further investigation of ECD in the context of 
CVDs.

Conclusion

In vitro models of ECD allow the study of cellular and 
molecular mechanisms of disease and provide important 
research platforms for screening potential therapeutic agents. 
Even though other relevant options are available, such as ani-
mal models or ex vivo models, in vitro models offer higher 
experimental flexibility and reproducibility, making them a 
valuable tool for the understanding of pathophysiological 
mechanisms of several diseases, such as CVDs. The utiliza-
tion of in vitro models becomes an even more appealing 
option if we take into account the growing ethical constraints 
on the use of animals and human samples in biomedical 
research. In sum, there are several in vitro models of ECD 
currently available, associated with the diversity of stimuli 
used to induce dysfunction. The use of a different cell type 
may require modification of the model, given the particular 
physiological characteristics of each endothelial cell type. It 
is important to note that, in CVDs, there is a complex inter-
play between different cells which must be considered. Thus, 
it would be important to develop more advanced in vitro 
models, where these interactions are accounted.

Acknowledgements  This work was supported by “Fundação para a 
Ciência e a Tecnologia”—FCT, European Union, QREN, FEDER, 
and COMPETE for funding the UnIC (UIDB/IC/00051/2020 and 
UIDP/00051/2020), RISE—Health Research Network-From the 
Lab to the Community (LA/P/0053/2020), and the research project 
2022.04344.PTDC (SEXDIFEND; https://​doi.​org/https://​doi.​org/​10.​
54499/​2022.​04344.​PTDC).

Author contributions  RNF, FT, and SMO: Conceptualization. AG, 
CF, and IF: investigation, writing-original draft preparation. MD-N, 
RC, AL-M, SMO, FT, and RN-F: writing-review and editing. RN-F, 
FT, and SMO: supervision. All authors read and approved the final 
manuscript.

Funding  Open access funding provided by FCT|FCCN (b-on). 
Rita Nogueira-Ferreira acknowledges FCT for the research contract 
CEECIND/03935/2021 under the CEEC Individual 2021 (https://doi.
org/https://doi.org/10.54499/2021.03935.CEECIND/CP1685/CT0001).

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflicts of interest  The authors declare no competing interests.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Félétou M (2011) Integrated systems physiology: from molecule 
to function to disease. The Endothelium: part 1: multiple func-
tions of the endothelial cells—focus on endothelium-derived 
vasoactive mediators. Morgan & Claypool Life Sciences Pub-
lishers, San Rafael. https://​doi.​org/​10.​4199/​C0003​1ED1V​01Y20​
1105I​SP019

	 2.	 Zhou HL, Jiang XZ, Ventikos Y (2023) Role of blood flow 
in endothelial functionality: a review. Front Cell Dev Biol 
11:1259280. https://​doi.​org/​10.​3389/​fcell.​2023.​12592​80

	 3.	 Michiels C (2003) Endothelial cell functions. J Cell Physiol 
196:430–443. https://​doi.​org/​10.​1002/​jcp.​10333

	 4.	 Garcia-Ponce A, Chanez Paredes S, Castro Ochoa KF, Schnoor 
M (2016) Regulation of endothelial and epithelial barrier func-
tions by peptide hormones of the adrenomedullin family. Tissue 
Barriers 4:e1228439. https://​doi.​org/​10.​1080/​21688​370.​2016.​
12284​39

	 5.	 Skalak TC, Price RJ (1996) The role of mechanical stresses in 
microvascular remodeling. Microcirculation 3:129–247. https://​
doi.​org/​10.​3109/​10739​68960​91482​84

	 6.	 Zakrzewicz A, Secomb TW, Pries AR (2002) Angioadaptation: 
keeping the vascular system in shape. News Physiol Sci. https://​
doi.​org/​10.​1152/​nips.​01395.​2001

https://doi.org/
https://doi.org/10.54499/2022.04344.PTDC
https://doi.org/10.54499/2022.04344.PTDC
https://doi.org/
https://doi.org/
https://doi.org/10.54499/2021.03935.CEECIND/CP1685/CT0001
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4199/C00031ED1V01Y201105ISP019
https://doi.org/10.4199/C00031ED1V01Y201105ISP019
https://doi.org/10.3389/fcell.2023.1259280
https://doi.org/10.1002/jcp.10333
https://doi.org/10.1080/21688370.2016.1228439
https://doi.org/10.1080/21688370.2016.1228439
https://doi.org/10.3109/10739689609148284
https://doi.org/10.3109/10739689609148284
https://doi.org/10.1152/nips.01395.2001
https://doi.org/10.1152/nips.01395.2001


4687Molecular and Cellular Biochemistry (2025) 480:4671–4695	

	 7.	 Resnick N, Yahav H, Shay-Salit A, Shushy M, Schubert S, Zil-
berman LC, Wofovitz E (2003) Fluid shear stress and the vascu-
lar endothelium: for better and for worse. Prog Biophys Mol Biol 
81:177–199. https://​doi.​org/​10.​1016/​s0079-​6107(02)​00052-4

	 8.	 Chen ZB, Liu X, Chen AT (2021) Enhancing mechanosens-
ing: Enhancers and enhancer-derived long non-coding RNAs 
in endothelial response to flow. Academic Press 87:153–169. 
https://​doi.​org/​10.​1016/​bs.​ctm.​2021.​08.​002

	 9.	 Majewska A, Wilkus K, Brodaczewska K, Kieda C (2021) 
Endothelial cells as tools to model tissue microenvironment in 
hypoxia-dependent pathologies. Int J Mol Sci. https://​doi.​org/​10.​
3390/​ijms2​20205​20

	 10.	 Gillich A, Zhang F, Farmer CG, Travaglini KJ, Tan SY, Gu M, 
Zhou B, Feinstein JA, Krasnow MA, Metzger RJ (2020) Capil-
lary cell-type specialization in the alveolus. Nature 586:785–789. 
https://​doi.​org/​10.​1038/​s41586-​020-​2822-7

	 11.	 Minami T, Muramatsu M, Kume T (2019) Organ/tissue-spe-
cific vascular endothelial cell heterogeneity in health and dis-
ease. Pharm Biol 42:1609–1619. https://​doi.​org/​10.​1248/​bpb.​
b19-​00531

	 12.	 DeLisser HM, Christofidou-Solomidou M, Strieter RM, Burdick 
MD, Robinson CS, Wexler RS, Kerr JS, Garlanda C, Merwin 
JR, Madri JA, Albelda SM (1997) Involvement of endothelial 
PECAM-1/CD31 in angiogenesis. Am J Pathol 151:671–677

	 13.	 Hordijk PL, Anthony E, Mul FPJ, Rientsma R, Oomen LCJM, 
Roos D (1999) Vascular-endothelial-cadherin modulates 
endothelial monolayer permeability. J Cell Sci 112:1915–1923. 
https://​doi.​org/​10.​1242/​jcs.​112.​12.​1915

	 14.	 Hamada K, Oike Y, Ito Y, Maekawa H, Miyata K, Shimomura T, 
Suda T (2003) Distinct roles of ephrin-B2 forward and EphB4 
reverse signaling in endothelial cells. Arterioscler Thromb Vasc 
Biol 23:190–197. https://​doi.​org/​10.​1161/​01.​atv.​00000​55440.​
89758.​c2

	 15.	 Ma J, Both SK, Ji W, Yang F, Prins HJ, Helder MN, Pan J, Cui 
FZ, Jansen JA, van den Beucken JJ (2014) Adipose tissue-derived 
mesenchymal stem cells as monocultures or cocultures with 
human umbilical vein endothelial cells: performance in vitro 
and in rat cranial defects. J Biomed Mater Res 102:1026–1036. 
https://​doi.​org/​10.​1002/​jbm.a.​34775

	 16.	 Kuss MA, Wu S, Wang Y, Untrauer JB, Li W, Lim JY, Duan B 
(2018) Prevascularization of 3D printed bone scaffolds by bioac-
tive hydrogels and cell co-culture. J Biomed Mater Res Part B 
Appl Biomater 106:1788–1798. https://​doi.​org/​10.​1002/​jbm.b.​
33994

	 17.	 Goncharov NV, Nadeev AD, Jenkins RO, Avdonin PV (2017) 
Markers and biomarkers of endothelium: when something is 
rotten in the state. Oxidative Med Cell Longev 2017:9759735. 
https://​doi.​org/​10.​1155/​2017/​97597​35

	 18.	 Lemmens TP, Bröker V, Rijpkema M, Hughes CCW, Schurg-
ers LJ, Cosemans JMEM (2024) Fundamental considerations 
for designing endothelialized in vitro models of thrombosis. 
Thromb Res 236:179–190. https://​doi.​org/​10.​1016/j.​throm​res.​
2024.​03.​004

	 19.	 Zhou P, Pu WT (2016) Recounting cardiac cellular composition. 
Circ Res 118:368–370. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​
116.​308139

	 20.	 Brutsaert DL (2003) Cardiac endothelial-myocardial signaling: 
its role incardiac growth, contractile performance, and rhyth-
micity. Physiol Rev 83:59–115. https://​doi.​org/​10.​1152/​physr​ev.​
00017.​2002

	 21.	 Linask KK, Lash JW (1993) Early heart development: dynam-
ics of endocardial cell sorting suggests a common origin with 
cardiomyocytes. Dev Dyn 196:62–69. https://​doi.​org/​10.​1002/​
aja.​10019​60108

	 22.	 Aird WC (2007) Phenotypic heterogeneity of the endothelium: 
II representative vascular beds. Circ Res 100:174–190. https://​
doi.​org/​10.​1161/​01.​RES.​00002​55690.​03436.​ae

	 23.	 Nicin L, Wagner JUG, Luxan G, Dimmeler S (2022) Fibroblast-
mediated intercellular crosstalk in the healthy and diseased heart. 
FEBS Lett 596:638–654. https://​doi.​org/​10.​1002/​1873-​3468.​
14234

	 24.	 Kuruvilla L, Kartha CC (2003) Molecular mechanisms in 
endothelial regulation of cardiac function. Mol Cell Biochem 
253:113–123. https://​doi.​org/​10.​1023/a:​10260​61507​004

	 25.	 Florey L (1966) The endothelial cell. Br Med J 2:487–490. 
https://​doi.​org/​10.​1136/​bmj.2.​5512.​487

	 26.	 Brutsaert DL, Fransen P, Andries LJ, Keulenaer GWD, Sys SU 
(1998) Cardiac endothelium and myocardial function. Cardio-
vasc Res 32:281–290. https://​doi.​org/​10.​1016/​s0008-​6363(98)​
00044-3

	 27.	 Yamamoto K, de Waard V, Fearns C, Loskutoff DJ (1998) Tissue 
distribution and regulation of murine von willebrand factor gene 
expression in vivo. Blood 92:2791–2801. https://​doi.​org/​10.​1182/​
blood.​V92.8.​2791

	 28.	 Cai H, Li Z, Goette A, Mera F, Honeycutt C, Feterik K, Wilcox 
JN, Dudley SC Jr, Harrison DG, Langberg JJ (2002) Downregu-
lation of endocardial nitric oxide synthase expression and nitric 
oxide production in atrial fibrillation: potential mechanisms for 
atrial thrombosis and stroke. Circulation 106:2854–2858. https://​
doi.​org/​10.​1161/​01.​cir.​00000​39327.​11661.​16

	 29.	 Andries LJ, Brutsaert DL, Sys SU (1998) Nonuniformity of 
endothelial constitutive nitric oxide synthase distribution in car-
diac endothelium. Circ Res 82:195–203. https://​doi.​org/​10.​1161/​
01.​RES.​82.2.​195

	 30.	 Doenst T, Nguyen TD, Abel ED (2013) Cardiac metabolism in 
heart failure: implications beyond ATP production. Circ Res 
113:709–724. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​113.​
300376

	 31.	 Lother A, Bergemann S, Deng L, Moser M, Bode C, Hein L 
(2018) Cardiac endothelial cell transcriptome. Arterioscler 
Thromb Vasc Biol 38:566–574. https://​doi.​org/​10.​1161/​ATVBA​
HA.​117.​310549

	 32.	 Leung SWS, Shi Y (2022) The glycolytic process in endothe-
lial cells and its implications. Acta Pharmacol Sin 43:251–259. 
https://​doi.​org/​10.​1038/​s41401-​021-​00647-y

	 33.	 Reese DE, Mikawa T, Bader DM (2002) Development of the 
coronary vessel system. Circ Res 91:761–768. https://​doi.​org/​
10.​1161/​01.​res.​00000​38961.​53759.​3c

	 34.	 Strijdom H, Lochner A (2017) Cardiac endothelium: more than 
just a barrier. SA Heart. https://​doi.​org/​10.​24170/6-​3-​1987

	 35.	 Hendrickx J, Doggen K, Weinberg EO, Van Tongelen P, Fransen 
P, De Keulenaer GW (2004) Molecular diversity of cardiac 
endothelial cells in vitro and in vivo. Physiol Genom 19:198–
206. https://​doi.​org/​10.​1152/​physi​olgen​omics.​00143.​2004

	 36.	 Mendez-Barbero N, Gutierrez-Munoz C, Blanco-Colio LM 
(2021) Cellular crosstalk between endothelial and smooth mus-
cle cells in vascular wall remodeling. Int J Mol Sci. https://​doi.​
org/​10.​3390/​ijms2​21472​84

	 37.	 Liebner S, Cavallaro U, Dejana E (2006) The multiple languages 
of endothelial cell-to-cell communication. Arterioscler Thromb 
Vasc Biol 26:1431–1438. https://​doi.​org/​10.​1161/​01.​ATV.​00002​
18510.​04541.​5e

	 38.	 Lampugnani MG, Dejana E (1997) Interendothelial junctions: 
structure, signalling and functional roles. Curr Opin Cell Biol 
9:674–682. https://​doi.​org/​10.​1016/​S0955-​0674(97)​80121-4

	 39.	 Luo Y, Radice GL (2005) N-cadherin acts upstream of VE-
cadherin in controlling vascular morphogenesis. J Cell Biol 
169:29–34. https://​doi.​org/​10.​1083/​jcb.​20041​1127

	 40.	 Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita 
S, Tsukita S (1993) Occludin: a novel integral membrane protein 

https://doi.org/10.1016/s0079-6107(02)00052-4
https://doi.org/10.1016/bs.ctm.2021.08.002
https://doi.org/10.3390/ijms22020520
https://doi.org/10.3390/ijms22020520
https://doi.org/10.1038/s41586-020-2822-7
https://doi.org/10.1248/bpb.b19-00531
https://doi.org/10.1248/bpb.b19-00531
https://doi.org/10.1242/jcs.112.12.1915
https://doi.org/10.1161/01.atv.0000055440.89758.c2
https://doi.org/10.1161/01.atv.0000055440.89758.c2
https://doi.org/10.1002/jbm.a.34775
https://doi.org/10.1002/jbm.b.33994
https://doi.org/10.1002/jbm.b.33994
https://doi.org/10.1155/2017/9759735
https://doi.org/10.1016/j.thromres.2024.03.004
https://doi.org/10.1016/j.thromres.2024.03.004
https://doi.org/10.1161/CIRCRESAHA.116.308139
https://doi.org/10.1161/CIRCRESAHA.116.308139
https://doi.org/10.1152/physrev.00017.2002
https://doi.org/10.1152/physrev.00017.2002
https://doi.org/10.1002/aja.1001960108
https://doi.org/10.1002/aja.1001960108
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1002/1873-3468.14234
https://doi.org/10.1002/1873-3468.14234
https://doi.org/10.1023/a:1026061507004
https://doi.org/10.1136/bmj.2.5512.487
https://doi.org/10.1016/s0008-6363(98)00044-3
https://doi.org/10.1016/s0008-6363(98)00044-3
https://doi.org/10.1182/blood.V92.8.2791
https://doi.org/10.1182/blood.V92.8.2791
https://doi.org/10.1161/01.cir.0000039327.11661.16
https://doi.org/10.1161/01.cir.0000039327.11661.16
https://doi.org/10.1161/01.RES.82.2.195
https://doi.org/10.1161/01.RES.82.2.195
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/ATVBAHA.117.310549
https://doi.org/10.1161/ATVBAHA.117.310549
https://doi.org/10.1038/s41401-021-00647-y
https://doi.org/10.1161/01.res.0000038961.53759.3c
https://doi.org/10.1161/01.res.0000038961.53759.3c
https://doi.org/10.24170/6-3-1987
https://doi.org/10.1152/physiolgenomics.00143.2004
https://doi.org/10.3390/ijms22147284
https://doi.org/10.3390/ijms22147284
https://doi.org/10.1161/01.ATV.0000218510.04541.5e
https://doi.org/10.1161/01.ATV.0000218510.04541.5e
https://doi.org/10.1016/S0955-0674(97)80121-4
https://doi.org/10.1083/jcb.200411127


4688	 Molecular and Cellular Biochemistry (2025) 480:4671–4695

localizing at tight junctions. J Cell Biol 123:1777–1788. https://​
doi.​org/​10.​1083/​jcb.​123.6.​1777

	 41.	 Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse 
M, Tsukita S (2003) Size-selective loosening of the blood-brain 
barrier in claudin-5-deficient mice. J Cell Biol 161:653–660. 
https://​doi.​org/​10.​1083/​jcb.​20030​2070

	 42.	 Imhof BA, Aurrand-Lions M (2004) Adhesion mechanisms regu-
lating the migration of monocytes. Nat Rev Immunol 4:432–444. 
https://​doi.​org/​10.​1038/​nri13​75

	 43.	 Baumeister U, Funke R, Ebnet K, Vorschmitt H, Koch S, Vestwe-
ber D (2005) Association of Csk to VE-cadherin and inhibition 
of cell proliferation. EMBO 24:1686–1695. https://​doi.​org/​10.​
1038/​sj.​emboj.​76006​47

	 44.	 Erez N, Zamir E, Gour BJ, Blaschuk OW, Geiger B (2004) 
Induction of apoptosis in cultured endothelial cells by a cad-
herin antagonist peptide: involvement of fibroblast growth factor 
receptor-mediated signalling. Exp Cell Res 294:366–378. https://​
doi.​org/​10.​1016/j.​yexcr.​2003.​11.​033

	 45.	 London NR, Whitehead KJ, Li DY (2009) Endogenous endothe-
lial cell signaling systems maintain vascular stability. Angiogen-
esis 12:149–158. https://​doi.​org/​10.​1007/​s10456-​009-​9130-z

	 46.	 Esser S, Lampugnani MG, Corada M, Dejana E, Risau W (1998) 
Vascular endothelial growth factor induces VE-cadherin tyrosine 
phosphorylation in endothelial cells. J Cell Sci 111:1853–1865. 
https://​doi.​org/​10.​1242/​jcs.​111.​13.​1853

	 47.	 Nawroth R, Poell G, Ranft A, Kloep S, Samulowitz U, Fachinger 
G, Golding M, Shima DT, Deutsch U, Vestweber D (2002) VE-
PTP and VE-cadherin ectodomains interact to facilitate regula-
tion of phosphorylation and cell contacts. EMBO 21:4885–4895. 
https://​doi.​org/​10.​1093/​emboj/​cdf497

	 48.	 Hogan C, Serpente N, Cogram P, Hosking CR, Bialucha CU, 
Feller SM, Braga VM, Birchmeier W, Fujita Y (2004) Rap1 
regulates the formation of E-cadherin-based cell-cell contacts. 
Mol Cell Biol 24:6690–6700. https://​doi.​org/​10.​1128/​MCB.​24.​
15.​6690-​6700.​2004

	 49.	 Deanfield JE, Halcox JP, Rabelink TJ (2007) Endothelial func-
tion and dysfunction: testing and clinical relevance. Circulation 
115:1285–1295. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​
106.​652859

	 50.	 Pearson J (2000) Normal endothelial cell function. Lupus. https://​
doi.​org/​10.​1191/​09612​03006​78828​299

	 51.	 Palta S, Saroa R, Palta A (2014) Overview of the coagulation 
system. Indian J Anaesth 58:515–523. https://​doi.​org/​10.​4103/​
0019-​5049.​144643

	 52.	 Schechter AN, Gladwin MT (2003) Hemoglobin and the par-
acrine and endocrine functions of nitric oxide. N Engl J Med. 
https://​doi.​org/​10.​1056/​NEJMc​ibr02​3045

	 53.	 Furchgott RF, Zawadzki JV (1980) The obligatory role of 
endothelial cells in the relaxation of arterial smooth muscle by 
acetylcholine. Nature. https://​doi.​org/​10.​1038/​28837​3a0

	 54.	 Forstermann U, Munzel T (2006) Endothelial nitric oxide syn-
thase in vascular disease: from marvel to menace. Circulation 
113:1708–1714. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​
105.​602532

	 55.	 Stamler JS, Lamas S, Fang FC (2001) Nitrosylation. The pro-
totypic redox-based signaling mechanism. Cell 106:675–683. 
https://​doi.​org/​10.​1016/​s0092-​8674(01)​00495-0

	 56.	 Gimbrone MA Jr, Garcia-Cardena G (2016) Endothelial cell 
dysfunction and the pathobiology of atherosclerosis. Circ Res 
118:620–636. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​115.​
306301

	 57.	 Kinlay S, Behrendt D, Wainstein M, Beltrame J, Fang JC, Cre-
ager MA, Selwyn AP, Ganz P (2001) Role of endothelin-1 in 
the active constriction of human atherosclerotic coronary arter-
ies. Circulation 104:1114–1118. https://​doi.​org/​10.​1161/​hc3501.​
095707

	 58.	 Alonso D, Radomski MW (2003) The nitric oxide-endothelin-1 
connection. Heart Fail Rev 8:107–115. https://​doi.​org/​10.​1023/a:​
10221​55206​928

	 59.	 Shichiri M, Kato H, Marumo F, Hirata Y (1997) Endothelin-1 as 
an autocrine/paracrine apoptosis survival factor for endothelial 
cells. Hypertension 30:1198–1203. https://​doi.​org/​10.​1161/​01.​
HYP.​30.5.​1198

	 60.	 Bacon CR, Cary NR, Davenport AP (1995) Distribution of 
endothelin receptors in atherosclerotic human coronary arteries. 
J Cardiovasc Pharmacol 26:439–441

	 61.	 Davenport AP, Kuc RE, Maguire JJ, Harland SP (1995) ETA 
receptors predominate in the human vasculature and mediate 
constrictionETA receptors predominate in the human vasculature 
and mediate constriction. J Cardiovasc Pharmacol 26:265–267

	 62.	 Bunting S, Moncada S, Vane JR, Frs D (1983) The prostacyc-
lin-thromboxane A2 balance_ pathophysiology and therapeutic 
implications. Br Med Bull 39:271–276. https://​doi.​org/​10.​1093/​
oxfor​djour​nals.​bmb.​a0718​32

	 63.	 Flavahan NA (2007) Balancing prostanoid activity in the human 
vascular system. Trends Pharmacol Sci 28:106–110. https://​doi.​
org/​10.​1016/j.​tips.​2007.​01.​003

	 64.	 FitzGerald GA (1991) Mechanisms of platelet activation: 
thromboxane A2 as an amplifying signal for other agonists. Am 
J Cardiol 68:B11–B15. https://​doi.​org/​10.​1016/​0002-​9149(91)​
90379-Y

	 65.	 Nicosia S, Oliva D, Noè MA, Corsini A, Folco GC, Fumagalli 
R (1987) PGI2 receptors in vasculature and platelets: 5Z-carba-
cyclin discriminates between them. Adv Prostaglandin Throm-
boxane Leukot Res 17A:474–478

	 66.	 Stitham J, Stojanovic A, Ross LA, Blount AC Jr, Hwa J (2004) 
Clusters of transmembrane residues are critical for human pros-
tacyclin receptor activation. Biochemistry 43:8974–8986. https://​
doi.​org/​10.​1021/​bi049​6788

	 67.	 Chow KB, Jones RL, Wise H (2003) Protein kinase A-depend-
ent coupling of mouse prostacyclin receptors to Gi is cell-type 
dependent. Eur J Pharmacol 474:7–13. https://​doi.​org/​10.​1016/​
s0014-​2999(03)​02006-5

	 68.	 Beverelli F, Bea ML, Puybasset L, Giudicelli JF, Berdeaux A 
(1997) Chronic inhibition of NO synthase enhances the produc-
tion of prostacyclin in coronary arteries through upregulation 
of the cyclooxygenase type 1 isoform. Fundam Clin Pharmacol 
11:252–259. https://​doi.​org/​10.​1111/j.​1472-​8206.​1997.​tb001​93.x

	 69.	 Thomas DW, Mannon RB, Mannon PJ, Latour A, Oliver JA, 
Hoffman M, Smithies O, Koller BH, Coffman TM (1998) Coagu-
lation defects and altered hemodynamic responses in mice lack-
ing receptors for thromboxane A2. J Clin Investig 102:1994–
2001. https://​doi.​org/​10.​1172/​JCI51​16

	 70.	 Pober JS, Sessa WC (2007) Evolving functions of endothelial 
cells in inflammation. Nat Rev Immunol 7:803–815. https://​doi.​
org/​10.​1038/​nri21​71

	 71.	 Shi C, Pamer EG (2011) Monocyte recruitment during infection 
and inflammation. Nat Rev Immunol 11:762–774. https://​doi.​org/​
10.​1038/​nri30​70

	 72.	 Dal Lin C, Tona F, Osto E (2019) The crosstalk between the 
cardiovascular and the immune system. Vasc Biol 1:H83–H88. 
https://​doi.​org/​10.​1530/​VB-​19-​0023

	 73.	 Alexander Y, Osto E, Schmidt-Trucksass A, Shechter M, Trifu-
novic D, Duncker DJ, Aboyans V, Back M, Badimon L, Cosen-
tino F, De Carlo M, Dorobantu M, Harrison DG, Guzik TJ, Hoe-
fer I, Morris PD, Norata GD, Suades R, Taddei S, Vilahur G, 
Waltenberger J, Weber C, Wilkinson F, Bochaton-Piallat ML, 
Evans PC (2021) Endothelial function in cardiovascular medi-
cine: a consensus paper of the European Society of Cardiology 
Working Groups on atherosclerosis and vascular biology, aorta 
and peripheral vascular diseases, coronary pathophysiology and 

https://doi.org/10.1083/jcb.123.6.1777
https://doi.org/10.1083/jcb.123.6.1777
https://doi.org/10.1083/jcb.200302070
https://doi.org/10.1038/nri1375
https://doi.org/10.1038/sj.emboj.7600647
https://doi.org/10.1038/sj.emboj.7600647
https://doi.org/10.1016/j.yexcr.2003.11.033
https://doi.org/10.1016/j.yexcr.2003.11.033
https://doi.org/10.1007/s10456-009-9130-z
https://doi.org/10.1242/jcs.111.13.1853
https://doi.org/10.1093/emboj/cdf497
https://doi.org/10.1128/MCB.24.15.6690-6700.2004
https://doi.org/10.1128/MCB.24.15.6690-6700.2004
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1191/096120300678828299
https://doi.org/10.1191/096120300678828299
https://doi.org/10.4103/0019-5049.144643
https://doi.org/10.4103/0019-5049.144643
https://doi.org/10.1056/NEJMcibr023045
https://doi.org/10.1038/288373a0
https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://doi.org/10.1016/s0092-8674(01)00495-0
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/hc3501.095707
https://doi.org/10.1161/hc3501.095707
https://doi.org/10.1023/a:1022155206928
https://doi.org/10.1023/a:1022155206928
https://doi.org/10.1161/01.HYP.30.5.1198
https://doi.org/10.1161/01.HYP.30.5.1198
https://doi.org/10.1093/oxfordjournals.bmb.a071832
https://doi.org/10.1093/oxfordjournals.bmb.a071832
https://doi.org/10.1016/j.tips.2007.01.003
https://doi.org/10.1016/j.tips.2007.01.003
https://doi.org/10.1016/0002-9149(91)90379-Y
https://doi.org/10.1016/0002-9149(91)90379-Y
https://doi.org/10.1021/bi0496788
https://doi.org/10.1021/bi0496788
https://doi.org/10.1016/s0014-2999(03)02006-5
https://doi.org/10.1016/s0014-2999(03)02006-5
https://doi.org/10.1111/j.1472-8206.1997.tb00193.x
https://doi.org/10.1172/JCI5116
https://doi.org/10.1038/nri2171
https://doi.org/10.1038/nri2171
https://doi.org/10.1038/nri3070
https://doi.org/10.1038/nri3070
https://doi.org/10.1530/VB-19-0023


4689Molecular and Cellular Biochemistry (2025) 480:4671–4695	

microcirculation, and thrombosis. Cardiovasc Res 117:29–42. 
https://​doi.​org/​10.​1093/​cvr/​cvaa0​85

	 74.	 Segers VFM, Bringmans T, De Keulenaer GW (2023) Endothe-
lial dysfunction at the cellular level in three dimensions: sever-
ity, acuteness, and distribution. Am J Physiol Heart Circ Physiol 
325:H398–H413. https://​doi.​org/​10.​1152/​ajphe​art.​00256.​2023

	 75.	 Sumpio BE, Riley JT, Dardik A (2002) Cells in focus: endothelial 
cell. Int J Biochem Cell Biol 34:1508–1512. https://​doi.​org/​10.​
1016/​s1357-​2725(02)​00075-4

	 76.	 Ulrich AB, Pour PM (2001) Cell lines. In: Brenner S, Miller JH 
(eds) Encyclopedia of genetics. Academic Press, New York, pp 
310–311

	 77.	 Masters JR (2002) HeLa cells 50 years on: the good, the bad and 
the ugly. Nat Rev Cancer 2:311–315. https://​doi.​org/​10.​1038/​
nrc774

	 78.	 Geraghty RJ, Capes-Davis A, Davis JM, Downward J, Freshney 
RI, Knezevic I, Lovell-Badge R, Masters JR, Meredith J, Stacey 
GN, Thraves P, Vias M, Cancer Research UK (2014) Guide-
lines for the use of cell lines in biomedical research. Br J Cancer 
111:1021–1046. https://​doi.​org/​10.​1038/​bjc.​2014.​166

	 79.	 Gallogly S, Fujisawa T, Hung JD, Brittan M, Skinner EM, Mitch-
ell AJ, Medine C, Luque N, Zodda E, Cascante M, Hadoke PW, 
Mills NL, Tura-Ceide O (2021) Generation of a novel in vitro 
model to study endothelial dysfunction from atherothrombotic 
specimens. Cardiovasc Drugs Ther 35:1281–1290. https://​doi.​
org/​10.​1007/​s10557-​021-​07151-9

	 80.	 Richter M, Piwocka O, Musielak M, Piotrowski I, Suchorska 
WM, Trzeciak T (2021) From donor to the lab: a fascinating 
journey of primary cell lines. Front Cell Dev Biol 9:711381. 
https://​doi.​org/​10.​3389/​fcell.​2021.​711381

	 81.	 Freshney RI (2015) Culture of animal cells: a manual of basic 
technique and specialized applications. Wiley, Hoboken

	 82.	 Mayer T, Jagla B, Wyler MR, Kelly PD, Aulner N, Beard M, 
Barger G, Tobben U, Smith DH, Branden L, Rothman JE (2006) 
Cell-based assays using primary endothelial cells to study mul-
tiple steps in inflammation. Methods Enzymol 414:266–283. 
https://​doi.​org/​10.​1016/​S0076-​6879(06)​14015-X

	 83.	 Patel H, Chen J, Das KC, Kavdia M (2013) Hyperglycemia 
induces differential change in oxidative stress at gene expres-
sion and functional levels in HUVEC and HMVEC. Cardiovasc 
Diabetol 12:142. https://​doi.​org/​10.​1186/​1475-​2840-​12-​142

	 84.	 Jia Z, An L, Lu Y, Xu C, Wang S, Wang J, Teng X (2019) Oxi-
dized low density lipoprotein-induced atherogenic response of 
Human Umbilical Vascular Endothelial Cells (HUVECs) was 
protected by atorvastatin by regulating miR-26a-5p/Phosphatase 
and Tensin Homolog (PTEN). Med Sci Monit 25:9836–9843. 
https://​doi.​org/​10.​12659/​MSM.​918405

	 85.	 Dienemann S, Schmidt V, Fleischhammer T, Mueller JH, Lavren-
tieva A (2023) Comparative analysis of hypoxic response of 
human microvascular and umbilical vein endothelial cells in 
2D and 3D cell culture systems. J Cell Physiol 238:1111–1120. 
https://​doi.​org/​10.​1002/​jcp.​31002

	 86.	 Ljoki A, Aslam T, Friis T, Ohm RG, Houen G (2022) In vitro 
angiogenesis inhibition and endothelial cell growth and morphol-
ogy. Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms2​30842​77

	 87.	 Huang G, Li F, Zhao X, Ma Y, Li Y, Lin M, Jin G, Lu TJ, Genin 
GM, Xu F (2017) Functional and biomimetic materials for engi-
neering of the three-dimensional cell microenvironment. Chem 
Rev 117:12764–12850. https://​doi.​org/​10.​1021/​acs.​chemr​ev.​
7b000​94

	 88.	 Lidington EA, Moyes DL, McCormack AM, Rose ML (1999) A 
comparison of primary endothelial cells and endothelial cell lines 
for studies of immune interactions. Transpl Immunol 7:239–246. 
https://​doi.​org/​10.​1016/​s0966-​3274(99)​80008-2

	 89.	 Huh D, Hamilton GA, Ingber DE (2011) From 3D cell culture to 
organs-on-chips. Trends Cell Biol 21:745–754. https://​doi.​org/​
10.​1016/j.​tcb.​2011.​09.​005

	 90.	 da Silva FC, de Araujo BJ, Cordeiro CS, Arruda VM, Faria BQ, 
Guerra J, Araujo TG, Furstenau CR (2022) Endothelial dysfunc-
tion due to the inhibition of the synthesis of nitric oxide: proposal 
and characterization of an in vitro cellular model. Front Physiol 
13:978378. https://​doi.​org/​10.​3389/​fphys.​2022.​978378

	 91.	 Williams RL, Courtneidge SA, Wagner EF (1998) Embryonic 
lethalities and endothelial tumors in chimeric mice expressing 
polyoma virus middle T oncogene. Cell 52:121–131. https://​doi.​
org/​10.​1016/​0092-​8674(88)​90536-3

	 92.	 Boraschi D, Rambaldi A, Sica A, Ghiara P, Colotta F, Wang JM, 
de Rossi M, Zoia C, Remuzzi G, Bussolino F (1991) Endothelial 
cells express the interleukin-1 receptor type I. Blood 78:1262–
1267. https://​doi.​org/​10.​1182/​blood.​V78.5.​1262.​1262

	 93.	 Arese M, Strasly M, Ruva C, Costamagna C, Ghigo D, MacAl-
lister R, Verzetti G, Tetta C, Bosia A, Bussolino F (1995) Regula-
tion of nitric oxide synthesis in uraemia. Nephrol Dial Transplant 
10:1386–1397

	 94.	 Ghigo D, Arese M, Todde R, Vecchi A, Silvagno F, Costamagna 
C, Dong QG, Alessio M, Heller R, Soldi R, Trucco F, Garbarino 
G, Pescarmona G, Mantovani A, Bussolino F, Bosia A (1995) 
Middle T antigen-transformed endothelial cells exhibit an 
increased activity of nitric oxide synthase. J Exp Med 181:9–19. 
https://​doi.​org/​10.​1084/​jem.​181.1.9

	 95.	 Kondapalli NB, Katari V, Dalal K, Paruchuri S, Thodeti CK 
(2023) Angiotensin II induces endothelial dysfunction and vas-
cular remodeling by downregulating TRPV4 channels. J Mol Cell 
Cardiol Plus. https://​doi.​org/​10.​1016/j.​jmccpl.​2023.​100055

	 96.	 Wang Y, Fan Y, Song Y, Han X, Fu M, Wang J, Cui X, Cao 
J, Chen L, Hu K, Sun A, Zhou J, Ge J (2019) Angiotensin II 
induces apoptosis of cardiac microvascular endothelial cells via 
regulating PTP1B/PI3K/Akt pathway. In Vitro Cell Dev Biol 
Anim 55:801–811. https://​doi.​org/​10.​1007/​s11626-​019-​00395-8

	 97.	 Brewster LM, Garcia VP, MaV L, Stockelman KA, Goulding 
A, DeSouza NM, Greiner JJ, Hijmans JG, DeSouza CA (2020) 
Endothelin-1-induced endothelial microvesicles impair endothe-
lial cell function. J Appl Physiol 128:1497–1505. https://​doi.​org/​
10.​1152/​jappl​physi​ol.​00816.​2019

	 98.	 Kim SR, Bae SK, Park HJ, Kim MK, Kim K, Park SY, Jang HO, 
Yun I, Kim YJ, Yoo MA, Bae MK (2010) Thromboxane A2 
increases endothelial permeability through upregulation of inter-
leukin-8. Biochem Biophys Res Commun 397:413–419. https://​
doi.​org/​10.​1016/j.​bbrc.​2010.​05.​106

	 99.	 Godo S, Shimokawa H (2017) Endothelial functions. Arterio-
scler Thromb Vasc Biol 37:e108–e114. https://​doi.​org/​10.​1161/​
ATVBA​HA.​117.​309813

	100.	 Hong N, Ye Z, Lin Y, Liu W, Xu N, Wang Y (2021) Agomelatine 
prevents angiotensin II-induced endothelial and mononuclear cell 
adhesion. Aging 13:18515–18526. https://​doi.​org/​10.​18632/​
aging.​203299

	101.	 Rhee SG (2006) Cell signaling. H2O2, a necessary evil for cell 
signaling. Science 312:1882–1883. https://​doi.​org/​10.​1126/​scien​
ce.​11304​81

	102.	 Griendling KK, FitzGerald GA (2003) Oxidative stress and car-
diovascular injury: part II: animal and human studies. Circulation 
108:2034–2040. https://​doi.​org/​10.​1161/​01.​CIR.​00000​93661.​
90582.​c4

	103.	 Diao H, Li X, Xu Y, Xing X, Pang S (2023) Asprosin, a novel 
glucogenic adipokine implicated in type 2 diabetes mellitus. J 
Diabetes Complications 37:108614. https://​doi.​org/​10.​1016/j.​
jdiac​omp.​2023.​108614

	104.	 Karki P, Birukov KG (2019) Rho and reactive oxygen species 
at crossroads of endothelial permeability and inflammation. 

https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.1152/ajpheart.00256.2023
https://doi.org/10.1016/s1357-2725(02)00075-4
https://doi.org/10.1016/s1357-2725(02)00075-4
https://doi.org/10.1038/nrc774
https://doi.org/10.1038/nrc774
https://doi.org/10.1038/bjc.2014.166
https://doi.org/10.1007/s10557-021-07151-9
https://doi.org/10.1007/s10557-021-07151-9
https://doi.org/10.3389/fcell.2021.711381
https://doi.org/10.1016/S0076-6879(06)14015-X
https://doi.org/10.1186/1475-2840-12-142
https://doi.org/10.12659/MSM.918405
https://doi.org/10.1002/jcp.31002
https://doi.org/10.3390/ijms23084277
https://doi.org/10.1021/acs.chemrev.7b00094
https://doi.org/10.1021/acs.chemrev.7b00094
https://doi.org/10.1016/s0966-3274(99)80008-2
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.3389/fphys.2022.978378
https://doi.org/10.1016/0092-8674(88)90536-3
https://doi.org/10.1016/0092-8674(88)90536-3
https://doi.org/10.1182/blood.V78.5.1262.1262
https://doi.org/10.1084/jem.181.1.9
https://doi.org/10.1016/j.jmccpl.2023.100055
https://doi.org/10.1007/s11626-019-00395-8
https://doi.org/10.1152/japplphysiol.00816.2019
https://doi.org/10.1152/japplphysiol.00816.2019
https://doi.org/10.1016/j.bbrc.2010.05.106
https://doi.org/10.1016/j.bbrc.2010.05.106
https://doi.org/10.1161/ATVBAHA.117.309813
https://doi.org/10.1161/ATVBAHA.117.309813
https://doi.org/10.18632/aging.203299
https://doi.org/10.18632/aging.203299
https://doi.org/10.1126/science.1130481
https://doi.org/10.1126/science.1130481
https://doi.org/10.1161/01.CIR.0000093661.90582.c4
https://doi.org/10.1161/01.CIR.0000093661.90582.c4
https://doi.org/10.1016/j.jdiacomp.2023.108614
https://doi.org/10.1016/j.jdiacomp.2023.108614


4690	 Molecular and Cellular Biochemistry (2025) 480:4671–4695

Antioxid Redox Signal 31:1009–1022. https://​doi.​org/​10.​1089/​
ars.​2019.​7798

	105.	 Geovanini GR, Libby P (2018) Atherosclerosis and inflamma-
tion: overview and updates. Clin Sci 132:1243–1252. https://​doi.​
org/​10.​1042/​CS201​80306

	106.	 Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, 
Bittencourt MS, Tokgozoglu L, Lewis EF (2019) Athero-
sclerosis. Nat Rev Dis Primers 5:56. https://​doi.​org/​10.​1038/​
s41572-​019-​0106-z

	107.	 Goyal T, Mitra S, Khaidakov M, Wang X, Singla S, Ding Z, Liu 
S, Mehta JL (2012) Current concepts of the role of oxidized LDL 
receptors in atherosclerosis. Curr Atheroscler Rep. https://​doi.​
org/​10.​1007/​s11883-​012-​0228-1

	108.	 Kattoor AJ, Goel A, Mehta JL (2019) LOX-1: regulation signal-
ing and its role in atherosclerosis. Antioxidants (Basel). https://​
doi.​org/​10.​3390/​antio​x8070​218

	109.	 Yue W, Li Y, Ou D, Yang Q (2019) The GLP-1 receptor agonist 
liraglutide protects against oxidized LDL-induced endothelial 
inflammation and dysfunction via KLF2. IUBMB Life 71:1347–
1354. https://​doi.​org/​10.​1002/​iub.​2046

	110.	 Claesson-Welsh L (2015) Vascular permeability–the essentials. 
Ups J Med Sci 120:135–143. https://​doi.​org/​10.​3109/​03009​734.​
2015.​10645​01

	111.	 Li W, Wang C, Zhang D, Zeng K, Xiao S, Chen F, Luo J (2021) 
Azilsartan ameliorates ox-LDL-induced endothelial dysfunction 
via promoting the expression of KLF2. Aging 13:12996–13005. 
https://​doi.​org/​10.​18632/​aging.​202973

	112.	 Xiong Y, Huang H, Chen F, Tang Y (2023) CircDLGAP4 induces 
autophagy and improves endothelial cell dysfunction in athero-
sclerosis by targeting PTPN4 with miR-134-5p. Environ Toxicol 
38:2952–2966. https://​doi.​org/​10.​1002/​tox.​23930

	113.	 Li H, Horke S, Forstermann U (2014) Vascular oxidative stress, 
nitric oxide and atherosclerosis. Atherosclerosis 237:208–219. 
https://​doi.​org/​10.​1016/j.​ather​oscle​rosis.​2014.​09.​001

	114.	 Marques J, Cortes A, Pejenaute A, Zalba G (2020) Implications 
of NADPH oxidase 5 in vascular diseases. Int J Biochem Cell 
Biol 128:105851. https://​doi.​org/​10.​1016/j.​biocel.​2020.​105851

	115.	 Marques J, Fernandez-Irigoyen J, Ainzua E, Martinez-Azcona 
M, Cortes A, Roncal C, Orbe J, Santamaria E, Zalba G (2022) 
NADPH oxidase 5 (NOX5) overexpression promotes endothelial 
dysfunction via cell apoptosis, migration, and metabolic altera-
tions in human brain microvascular endothelial cells (hCMEC/
D3). Antioxidants (Basel). https://​doi.​org/​10.​3390/​antio​x1111​
2147

	116.	 Jimenez Trinidad FR, Arrieta Ruiz M, Solanes Batllo N, Vea 
Badenes A, Bobi Gibert J, Valera Canellas A, Roque Moreno M, 
Freixa Rofastes X, Sabate Tenas M, Dantas AP, Tura-Ceide O, 
Rigol Muxart M (2021) Linking in vitro models of endothelial 
dysfunction with cell senescence. Life. https://​doi.​org/​10.​3390/​
life1​11213​23

	117.	 Allbritton-King JD, García-Cardeña G (2023) Endothelial cell 
dysfunction in cardiac disease: driver or consequence? Front Cell 
Dev Biol 11:1278166. https://​doi.​org/​10.​3389/​fcell.​2023.​12781​
66

	118.	 Matter MA, Paneni F, Libby P, Frantz S, Stahli BE, Templin 
C, Mengozzi A, Wang YJ, Kundig TM, Raber L, Ruschitzka F, 
Matter CM (2024) Inflammation in acute myocardial infarction: 
the good, the bad and the ugly. Eur Heart J 45:89–103. https://​
doi.​org/​10.​1093/​eurhe​artj/​ehad4​86

	119.	 Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB (2014) 
Reactive oxygen species in inflammation and tissue injury. Anti-
oxid Redox Signal 20:1126–1167. https://​doi.​org/​10.​1089/​ars.​
2012.​5149

	120.	 Babior BM (2000) Phagocytes and oxidative stress. Am J Med 
109:33–44. https://​doi.​org/​10.​1016/​s0002-​9343(00)​00481-2

	121.	 Dejana E, Orsenigo F (2013) Endothelial adherens junctions at 
a glance. J Cell Sci 126:2545–2549. https://​doi.​org/​10.​1242/​jcs.​
124529

	122.	 Singhal AK, Symons JD, Boudina S, Jaishy B, Shiu YT (2010) 
Role of endothelial cells in myocardial ischemia-reperfusion 
injury. Vasc Dis Prev 7:1–14. https://​doi.​org/​10.​2174/​18741​
20701​00701​0001

	123.	 Mohara J, Aguilera I, Goldman BI, Fisher CA, Gaughan JP, Libo-
nati JR, Furukawa S, Singhal AK (2005) Effects of nutrient and 
hemoglobin enriched cell free perfusates upon ex vivo isolated 
rat heart preparation. ASAIO J 51:288–295. https://​doi.​org/​10.​
1097/​01.​mat.​00001​59380.​07922.​d1

	124.	 Fernando SM, Rochwerg B, Seely AJE (2018) Clinical implica-
tions of the third international consensus definitions for sepsis 
and septic shock (Sepsis-3). CMAJ 190:E1058–E1059. https://​
doi.​org/​10.​1503/​cmaj.​170149

	125.	 Mankowski RT, Yende S, Angus DC (2019) Long-term impact 
of sepsis on cardiovascular health. Intensive Care Med 45:78–81. 
https://​doi.​org/​10.​1007/​s00134-​018-​5173-1

	126.	 McGarrity S, Anuforo O, Halldorsson H, Bergmann A, Hall-
dorsson S, Palsson S, Henriksen HH, Johansson PI, Rolfsson 
O (2018) Metabolic systems analysis of LPS induced endothe-
lial dysfunction applied to sepsis patient stratification. Sci Rep 
8:6811. https://​doi.​org/​10.​1038/​s41598-​018-​25015-5

	127.	 Weinbaum S, Tarbell JM, Damiano ER (2007) The structure 
and function of the endothelial glycocalyx layer. Annu Rev 
Biomed Eng 9:121–167. https://​doi.​org/​10.​1146/​annur​ev.​bio-
eng.​9.​060906.​151959

	128.	 Suzuki A, Tomita H, Okada H (2022) Form follows function: 
the endothelial glycocalyx. Transl Res 247:158–167. https://​
doi.​org/​10.​1016/j.​trsl.​2022.​03.​014

	129.	 Weinbaum S, Cancel LM, Fu BM, Tarbell JM (2021) The gly-
cocalyx and its role in vascular physiology and vascular related 
diseases. Cardiovasc Eng Technol 12:37–71. https://​doi.​org/​10.​
1007/​s13239-​020-​00485-9

	130.	 Lo HM, Lai TH, Li CH, Wu WB (2014) TNF-α induces 
CXCL1 chemokine expression and release in human vascular 
endothelial cells in vitro via two distinct signaling pathways. 
Acta Pharmacol Sin 35:339–350. https://​doi.​org/​10.​1038/​aps.​
2013.​182

	131.	 Ryan S, Taylor CT, McNicholas WT (2009) Systemic inflamma-
tion: a key factor in the pathogenesis of cardiovascular compli-
cations in obstructive sleep apnoea syndrome? Postgrad Med J 
85:693–698. https://​doi.​org/​10.​1136/​thx.​2008.​105577

	132.	 Dumitrascu R, Heitmann J, Seeger W, Weissmann N, Schulz R 
(2013) Obstructive sleep apnea, oxidative stress and cardiovas-
cular disease: lessons from animal studies. Oxidative Med Cell 
Longev 2013:234631. https://​doi.​org/​10.​1155/​2013/​234631

	133.	 Janaszak-Jasiecka A, Siekierzycka A, Ploska A, Dobrucki IT, 
Kalinowski L (2021) Endothelial dysfunction driven by hypoxia-
the influence of oxygen deficiency on no bioavailability. Biomol-
ecules. https://​doi.​org/​10.​3390/​biom1​10709​82

	134.	 Zhu J, Kang J, Li X, Wang M, Shang M, Luo Y, Xiong M, Hu 
K (2020) Chronic intermittent hypoxia vs chronic continuous 
hypoxia: Effects on vascular endothelial function and myocardial 
contractility. Clin Hemorheol Microcirc 74:417–427. https://​doi.​
org/​10.​3233/​CH-​190706

	135.	 Tuleta I, Franca CN, Wenzel D, Fleischmann B, Nickenig G, 
Werner N, Skowasch D (2015) Intermittent hypoxia impairs 
endothelial function in early preatherosclerosis. Adv Exp Med 
Biol 858:1–7. https://​doi.​org/​10.​1007/​5584_​2015_​114

	136.	 Wang J, Wang J, Li X, Hou W, Cao J, Feng J (2020) Endothelial 
dysfunction in a cell culture model exposed to various intermit-
tent hypoxia modes. High Alt Med Biol 21:388–395. https://​doi.​
org/​10.​1089/​ham.​2020.​0020

https://doi.org/10.1089/ars.2019.7798
https://doi.org/10.1089/ars.2019.7798
https://doi.org/10.1042/CS20180306
https://doi.org/10.1042/CS20180306
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1007/s11883-012-0228-1
https://doi.org/10.1007/s11883-012-0228-1
https://doi.org/10.3390/antiox8070218
https://doi.org/10.3390/antiox8070218
https://doi.org/10.1002/iub.2046
https://doi.org/10.3109/03009734.2015.1064501
https://doi.org/10.3109/03009734.2015.1064501
https://doi.org/10.18632/aging.202973
https://doi.org/10.1002/tox.23930
https://doi.org/10.1016/j.atherosclerosis.2014.09.001
https://doi.org/10.1016/j.biocel.2020.105851
https://doi.org/10.3390/antiox11112147
https://doi.org/10.3390/antiox11112147
https://doi.org/10.3390/life11121323
https://doi.org/10.3390/life11121323
https://doi.org/10.3389/fcell.2023.1278166
https://doi.org/10.3389/fcell.2023.1278166
https://doi.org/10.1093/eurheartj/ehad486
https://doi.org/10.1093/eurheartj/ehad486
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1016/s0002-9343(00)00481-2
https://doi.org/10.1242/jcs.124529
https://doi.org/10.1242/jcs.124529
https://doi.org/10.2174/1874120701007010001
https://doi.org/10.2174/1874120701007010001
https://doi.org/10.1097/01.mat.0000159380.07922.d1
https://doi.org/10.1097/01.mat.0000159380.07922.d1
https://doi.org/10.1503/cmaj.170149
https://doi.org/10.1503/cmaj.170149
https://doi.org/10.1007/s00134-018-5173-1
https://doi.org/10.1038/s41598-018-25015-5
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1016/j.trsl.2022.03.014
https://doi.org/10.1016/j.trsl.2022.03.014
https://doi.org/10.1007/s13239-020-00485-9
https://doi.org/10.1007/s13239-020-00485-9
https://doi.org/10.1038/aps.2013.182
https://doi.org/10.1038/aps.2013.182
https://doi.org/10.1136/thx.2008.105577
https://doi.org/10.1155/2013/234631
https://doi.org/10.3390/biom11070982
https://doi.org/10.3233/CH-190706
https://doi.org/10.3233/CH-190706
https://doi.org/10.1007/5584_2015_114
https://doi.org/10.1089/ham.2020.0020
https://doi.org/10.1089/ham.2020.0020


4691Molecular and Cellular Biochemistry (2025) 480:4671–4695	

	137.	 Muller MB, Stihl C, Schmid A, Hirschberger S, Mitsigiorgi R, 
Holzer M, Patscheider M, Weiss BG, Reichel C, Hubner M, Uhl 
B (2023) A novel OSA-related model of intermittent hypoxia in 
endothelial cells under flow reveals pronounced inflammatory 
pathway activation. Front Physiol 14:1108966. https://​doi.​org/​
10.​3389/​fphys.​2023.​11089​66

	138.	 Yuan-yuan Y, Jin S, Hui-guo L (2013) Role of endoplasmic retic-
ular stress in aortic endothelial apoptosis induced by intermittent/
persistent hypoxia. Chin Med J 126:4517–4523

	139.	 Wong BW, Marsch E, Treps L, Baes M, Carmeliet P (2017) 
Endothelial cell metabolism in health and disease: impact of 
hypoxia. EMBO J 36:2187–2203. https://​doi.​org/​10.​15252/​embj.​
20169​6150

	140.	 Epstein ACR, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke 
J, Mole DR, Mukherji M, Metzen E, Wilson MI, Dhanda A, Tian 
YM, Masson N, Hamilton DL, Jaakkola P, Barstead R, Hodg-
kin J, Maxwell PH, Pugh CW, Schofield CJ, Ratcliffe PJ (2001) 
C. elegans EGL-9 and mammalian homologs define a family 
of dioxygenases that regulate HIF by prolyl hydroxylation. Cell 
107:43–54. https://​doi.​org/​10.​1016/​S0092-​8674(01)​00507-4

	141.	 Majmundar AJ, Wong WJ, Simon MC (2010) Hypoxia-inducible 
factors and the response to hypoxic stress. Mol Cell 40:294–309. 
https://​doi.​org/​10.​1016/j.​molcel.​2010.​09.​022

	142.	 Semenza GL (2012) Hypoxia-inducible factors in physiology and 
medicine. Cell 148:399–408. https://​doi.​org/​10.​1016/j.​cell.​2012.​
01.​021

	143.	 Michiels C (2004) Physiological and pathological responses to 
hypoxia. Am J Pathol 164:1875–1882. https://​doi.​org/​10.​1016/​
S0002-​9440(10)​63747-9

	144.	 Fish JE, Yan MS, Matouk CC, St Bernard R, Ho JJ, Gavryush-
ova A, Srivastava D, Marsden PA (2010) Hypoxic repression of 
endothelial nitric-oxide synthase transcription is coupled with 
eviction of promoter histones. J Biol Chem 285:810–826. https://​
doi.​org/​10.​1074/​jbc.​M109.​067868

	145.	 Janaszak-Jasiecka A, Siekierzycka A, Bartoszewska S, Serocki 
M, Dobrucki LW, Collawn JF, Kalinowski L, Bartoszewski 
R (2018) eNOS expression and NO release during hypoxia is 
inhibited by miR-200b in human endothelial cells. Angiogenesis 
21:711–724. https://​doi.​org/​10.​1007/​s10456-​018-​9620-y

	146.	 Olszewska-Pazdrak B, Hein TW, Olszewska P, Carney DH 
(2009) Chronic hypoxia attenuates VEGF signaling and angio-
genic responses by downregulation of KDR in human endothelial 
cells. Am J Physiol Cell Physiol 296:C1162-1170. https://​doi.​
org/​10.​1152/​ajpce​ll.​00533.​2008

	147.	 Liao JK, Zulueta JJ, Yu FS, Peng HB, Cote CG, Hassoun PM 
(1995) Regulation of bovine endothelial constitutive nitric oxide 
synthase by oxygen. J Clin Investig 96:2661–2666. https://​doi.​
org/​10.​1172/​JCI11​8332

	148.	 Ostergaard L, Stankevicius E, Andersen MR, Eskildsen-Helmond 
Y, Ledet T, Mulvany MJ, Simonsen U (2007) Diminished NO 
release in chronic hypoxic human endothelial cells. Am J Physiol 
Heart Circ Physiol 293:H2894-2903. https://​doi.​org/​10.​1152/​
ajphe​art.​01230.​2006

	149.	 Krause BJ, Del Rio R, Moya EA, Marquez-Gutierrez M, 
Casanello P, Iturriaga R (2015) Arginase-endothelial nitric oxide 
synthase imbalance contributes to endothelial dysfunction during 
chronic intermittent hypoxia. J Hypertens 33:515–524. https://​
doi.​org/​10.​1097/​HJH.​00000​00000​000453

	150.	 Ryan S, Taylor CT, McNicholas WT (2005) Selective activation 
of inflammatory pathways by intermittent hypoxia in obstructive 
sleep apnea syndrome. Circulation 112:2660–2667. https://​doi.​
org/​10.​1161/​CIRCU​LATIO​NAHA.​105.​556746

	151.	 Han Q, Yeung SC, Ip MS, Mak JC (2013) Intermittent hypoxia-
induced NF-kappaB and HO-1 regulation in human endothelial 
EA.hy926 cells. Cell Biochem Biophys 66:431–441. https://​doi.​
org/​10.​1007/​s12013-​012-​9491-6

	152.	 Theofilis P, Sagris M, Oikonomou E, Antonopoulos AS, Siasos 
G, Tsioufis C, Tousoulis D (2021) Inflammatory mechanisms 
contributing to endothelial dysfunction. Biomedicines. https://​
doi.​org/​10.​3390/​biome​dicin​es907​0781

	153.	 Dri E, Lampas E, Lazaros G, Lazarou E, Theofilis P, Tsioufis 
C, Tousoulis D (2023) Inflammatory mediators of endothelial 
dysfunction. Life (Basel). https://​doi.​org/​10.​3390/​life1​30614​20

	154.	 Makarenko VV, Usatyuk PV, Yuan G, Lee MM, Nanduri J, Nata-
rajan V, Kumar GK, Prabhakar NR (2014) Intermittent hypoxia-
induced endothelial barrier dysfunction requires ROS-dependent 
MAP kinase activation. Am J Physiol Cell Physiol 306:C745-
752. https://​doi.​org/​10.​1152/​ajpce​ll.​00313.​2013

	155.	 Cao H, Yu D, Yan X, Wang B, Yu Z, Song Y, Sheng L (2019) 
Hypoxia destroys the microstructure of microtubules and causes 
dysfunction of endothelial cells via the PI3K/Stathmin1 pathway. 
Cell Biosci 9:20. https://​doi.​org/​10.​1186/​s13578-​019-​0283-1

	156.	 Lavie L (2015) Oxidative stress in obstructive sleep apnea and 
intermittent hypoxia–revisited–the bad ugly and good: implica-
tions to the heart and brain. Sleep Med Rev 20:27–45. https://​
doi.​org/​10.​1016/j.​smrv.​2014.​07.​003

	157.	 Adesina SE, Porter KM, Hart CM, Sutliff RL (2012) Hypoxia 
increases endothelial cell reactive oxygen species production 
and reduces thioredoxin 2 levels. FASEB J. https://​doi.​org/​10.​
1096/​fasebj.​26.1_​suppl​ement.​1129.9

	158.	 Dampney RA, Horiuchi J (2003) Functional organisation of 
central cardiovascular pathways: studies using c-fos gene 
expression. Prog Neurobiol 71:359–384. https://​doi.​org/​10.​
1016/j.​pneur​obio.​2003.​11.​001

	159.	 Kohner EM, Henkind P (1970) Correlation of fluorescein 
angiogram and retinal digest in diabetic retinopathy. Am 
J Ophthalmol 69:403–414. https://​doi.​org/​10.​1016/​0002-​
9394(70)​92273-7

	160.	 Meraji S, Jayakody L, Senaratne MPJ, Thomson ABR, Kappa-
goda T (1987) Endothelium-dependent relaxation in aorta of BB 
rat. Diabetes. https://​doi.​org/​10.​2337/​diab.​36.8.​978

	161.	 Dolgov VV, Zaikina OE, Bondarenko MF, Repin VS (1982) Aor-
tic endothelium of alloxan diabetic rabbits: a quantitative study 
using scanning electron microscopy. Diabetologia. https://​doi.​
org/​10.​1007/​BF002​53578

	162.	 Amezcua JL, Dusting GJ, Palmer RM, Moncada S (1988) Acetyl-
choline induces vasodilatation in the rabbit isolated heart through 
the release of nitric oxide, the endogenous nitrovasodilator. Br 
J Pharmacol 95:830–834. https://​doi.​org/​10.​1111/j.​1476-​5381.​
1988.​tb117​11.x

	163.	 Scherrer U, Randin D, Vollenweider P, Vollenweider L, Nicod P 
(1994) Nitric oxide release accounts for insulin’s vascular effects 
in humans. J Clin Invest 94:2511–2515. https://​doi.​org/​10.​1172/​
JCI11​7621

	164.	 Pober JS, Min W (2006) Endothelial cell dysfunction, 
injury and death. Handb Exp Pharmacol. https://​doi.​org/​10.​
1007/3-​540-​36028-x_5

	165.	 Suryavanshi SV, Kulkarni YA (2017) NF-kappabeta: a potential 
target in the management of vascular complications of diabe-
tes. Front Pharmacol 8:798. https://​doi.​org/​10.​3389/​fphar.​2017.​
00798

	166.	 Kempe S, Kestler H, Lasar A, Wirth T (2005) NF-kappaB 
controls the global pro-inflammatory response in endothelial 
cells: evidence for the regulation of a pro-atherogenic program. 
Nucleic Acids Res 33:5308–5319. https://​doi.​org/​10.​1093/​nar/​
gki836

	167.	 Dabek J, Kulach A, Gasior Z (2010) Nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kappaB): a new 
potential therapeutic target in atherosclerosis? Pharmacol Rep 
62:778–783. https://​doi.​org/​10.​1016/​s1734-​1140(10)​70338-8

	168.	 Lockyer JM, Colladay JS, Alperin-Lea WL, Hammond T, 
Buda AJ (1998) Inhibition of nuclear factor-kappaB-mediated 

https://doi.org/10.3389/fphys.2023.1108966
https://doi.org/10.3389/fphys.2023.1108966
https://doi.org/10.15252/embj.201696150
https://doi.org/10.15252/embj.201696150
https://doi.org/10.1016/S0092-8674(01)00507-4
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/S0002-9440(10)63747-9
https://doi.org/10.1016/S0002-9440(10)63747-9
https://doi.org/10.1074/jbc.M109.067868
https://doi.org/10.1074/jbc.M109.067868
https://doi.org/10.1007/s10456-018-9620-y
https://doi.org/10.1152/ajpcell.00533.2008
https://doi.org/10.1152/ajpcell.00533.2008
https://doi.org/10.1172/JCI118332
https://doi.org/10.1172/JCI118332
https://doi.org/10.1152/ajpheart.01230.2006
https://doi.org/10.1152/ajpheart.01230.2006
https://doi.org/10.1097/HJH.0000000000000453
https://doi.org/10.1097/HJH.0000000000000453
https://doi.org/10.1161/CIRCULATIONAHA.105.556746
https://doi.org/10.1161/CIRCULATIONAHA.105.556746
https://doi.org/10.1007/s12013-012-9491-6
https://doi.org/10.1007/s12013-012-9491-6
https://doi.org/10.3390/biomedicines9070781
https://doi.org/10.3390/biomedicines9070781
https://doi.org/10.3390/life13061420
https://doi.org/10.1152/ajpcell.00313.2013
https://doi.org/10.1186/s13578-019-0283-1
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1096/fasebj.26.1_supplement.1129.9
https://doi.org/10.1096/fasebj.26.1_supplement.1129.9
https://doi.org/10.1016/j.pneurobio.2003.11.001
https://doi.org/10.1016/j.pneurobio.2003.11.001
https://doi.org/10.1016/0002-9394(70)92273-7
https://doi.org/10.1016/0002-9394(70)92273-7
https://doi.org/10.2337/diab.36.8.978
https://doi.org/10.1007/BF00253578
https://doi.org/10.1007/BF00253578
https://doi.org/10.1111/j.1476-5381.1988.tb11711.x
https://doi.org/10.1111/j.1476-5381.1988.tb11711.x
https://doi.org/10.1172/JCI117621
https://doi.org/10.1172/JCI117621
https://doi.org/10.1007/3-540-36028-x_5
https://doi.org/10.1007/3-540-36028-x_5
https://doi.org/10.3389/fphar.2017.00798
https://doi.org/10.3389/fphar.2017.00798
https://doi.org/10.1093/nar/gki836
https://doi.org/10.1093/nar/gki836
https://doi.org/10.1016/s1734-1140(10)70338-8


4692	 Molecular and Cellular Biochemistry (2025) 480:4671–4695

adhesion molecule expression in human endothelial cells. Circ 
Res 82:314–320. https://​doi.​org/​10.​1161/​01.​res.​82.3.​314

	169.	 Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, 
Brown TM, Carnethon MR, Dai S, de Simone G, Ford ES, Fox 
CS, Fullerton HJ, Gillespie C, Greenlund KJ, Hailpern SM, Heit 
JA, Ho PM, Howard VJ, Kissela BM, Kittner SJ, Lackland DT, 
Lichtman JH, Lisabeth LD, Makuc DM, Marcus GM, Marelli A, 
Matchar DB, McDermott MM, Meigs JB, Moy CS, Mozaffarian 
D, Mussolino ME, Nichol G, Paynter NP, Rosamond WD, Sorlie 
PD, Stafford RS, Turan TN, Turner MB, Wong ND, Wylie-Rosett 
J, American Heart Association Statistics C and Stroke Statistics S 
(2011) Heart disease and stroke statistics–2011 update: a report 
from the American Heart Association. Circulation 123:e18–
e209. https://​doi.​org/​10.​1161/​CIR.​0b013​e3182​009701

	170.	 Vlassara H, Uribarri J (2014) Advanced Glycation End prod-
ucts (AGE) and diabetes: cause, effect, or both? Curr Diab Rep 
14:453. https://​doi.​org/​10.​1007/​s11892-​013-​0453-1

	171.	 Schmidt AM, Hori O, Brett J, Yan SD, Wautier JL, Stern D 
(1994) Cellular receptors for advanced glycation end products. 
Implications for induction of oxidant stress and cellular dys-
function in the pathogenesis of vascular lesions. Arterioscler 
Thromb 14:1521–1528. https://​doi.​org/​10.​1161/​01.​atv.​14.​10.​
1521

	172.	 Wake H, Takahashi HK, Mori S, Liu K, Yoshino T, Nishibori 
M (2009) Histamine inhibits advanced glycation end products-
induced adhesion molecule expression on human monocytes. 
J Pharmacol Exp Ther 330:826–833. https://​doi.​org/​10.​1124/​
jpet.​109.​155960

	173.	 Schmidt AM, Hori O, Chen JX, Li JF, Crandall J, Zhang J, 
Cao R, Yan SD, Brett J, Stern D (1995) Advanced glycation 
endproducts interacting with their endothelial receptor induce 
expression of vascular cell adhesion molecule-1 (VCAM-1) 
in cultured human endothelial cells and in mice. A potential 
mechanism for the accelerated vasculopathy of diabetes. J Clin 
Invest 96:1395–1403. https://​doi.​org/​10.​1172/​JCI11​8175

	174.	 Higai K, Shimamura A, Matsumoto K (2006) Amadori-
modified glycated albumin predominantly induces E-selectin 
expression on human umbilical vein endothelial cells through 
NADPH oxidase activation. Clin Chim Acta 367:137–143. 
https://​doi.​org/​10.​1016/j.​cca.​2005.​12.​008

	175.	 Xu B, Ji Y, Yao K, Cao YX, Ferro A (2005) Inhibition of 
human endothelial cell nitric oxide synthesis by advanced gly-
cation end-products but not glucose: relevance to diabetes. Clin 
Sci 109:439–446. https://​doi.​org/​10.​1042/​CS200​50183

	176.	 Xu B, Chibber R, Ruggiero D, Kohner E, Ritter J, Ferro A 
(2003) Impairment of vascular endothelial nitric oxide syn-
thase activity by advanced glycation end products. FASEB J 
17:1289–1291. https://​doi.​org/​10.​1096/​fj.​02-​0490f​je

	177.	 Cai W, He JC, Zhu L, Lu C, Vlassara H (2006) Advanced 
Glycation End product (AGE) receptor 1 suppresses cell oxi-
dant stress and activation signaling via EGF receptor. Proc 
Natl Acad Sci USA 103:13801–13806. https://​doi.​org/​10.​1073/​
pnas.​06003​62103

	178.	 Wolff SP, Jiang ZY, Hunt JV (1991) Protein glycation and 
oxidative stress in diabetes mellitus and ageing. Free Radic 
Biol Med 10:339–352. https://​doi.​org/​10.​1016/​0891-​5849(91)​
90040-a

	179.	 Eriksson UJ, Borg LA (1993) Diabetes and embryonic malfor-
mations. Role of substrate-induced free-oxygen radical produc-
tion for dysmorphogenesis in cultured rat embryos. Diabetes 
42:411–419. https://​doi.​org/​10.​2337/​diab.​42.3.​411

	180.	 Cai S, Khoo J, Channon KM (2005) Augmented BH4 by gene 
transfer restores nitric oxide synthase function in hyperglycemic 
human endothelial cells. Cardiovasc Res 65:823–831. https://​doi.​
org/​10.​1016/j.​cardi​ores.​2004.​10.​040

	181.	 Ceriello A (2003) New insights on oxidative stress and diabetic 
complications may lead to a “causal” antioxidant therapy. Dia-
betes Care 26:1589–1596. https://​doi.​org/​10.​2337/​diaca​re.​26.5.​
1589

	182.	 Wang Q, Zhang X, Wang K, Zhu L, Qiu B, Chen X, Lin X, Nie 
Y (2021) An in vitro model of diabetic retinal vascular endothe-
lial dysfunction and neuroretinal degeneration. J Diabetes Res 
2021:9765119. https://​doi.​org/​10.​1155/​2021/​97651​19

	183.	 Manokawinchoke J, Sumrejkanchanakij P, Pavasant P, Osatha-
non T (2017) Notch signaling participates in TGF-beta-Induced 
SOST expression under intermittent compressive stress. J Cell 
Physiol 232:2221–2230. https://​doi.​org/​10.​1002/​jcp.​25740

	184.	 Jain A, Saxena S, Khanna VK, Shukla RK, Meyer CH (2013) Sta-
tus of serum VEGF and ICAM-1 and its association with external 
limiting membrane and inner segment-outer segment junction 
disruption in type 2 diabetes mellitus. Mol Vis 19:1760–1768

	185.	 Leng B, Li C, Sun Y, Zhao K, Zhang L, Lu ML, Wang HX 
(2020) Protective effect of Astragaloside IV on high glucose-
induced endothelial dysfunction via inhibition of P2X7R depend-
ent P38 MAPK signaling pathway. Oxid Med Cell Longev 
2020:5070415. https://​doi.​org/​10.​1155/​2020/​50704​15

	186.	 Li J, Liu F, Liang F, Yang Y, Lu X, Gu D (2023) Air pollution 
exposure and vascular endothelial function: a systematic review 
and meta-analysis. Environ Sci Pollut Res Int 30:28525–28549. 
https://​doi.​org/​10.​1007/​s11356-​023-​25156-9

	187.	 Haybar H, Shahrabi S, Rezaeeyan H, Shirzad R, Saki N (2019) 
Endothelial cells: from dysfunction mechanism to pharmacologi-
cal effect in cardiovascular disease. Cardiovasc Toxicol 19:13–
22. https://​doi.​org/​10.​1007/​s12012-​018-​9493-8

	188.	 Xu X, Liu S, Aodengqimuge WH, Hu M, Xing C, Song L (2017) 
Arsenite induces vascular endothelial cell dysfunction by activat-
ing IRE1α/XBP1s/HIF1α-dependent ANGII signaling. Toxicol 
Sci 160:315–328. https://​doi.​org/​10.​1093/​toxsci/​kfx184

	189.	 Lu Q, Sakhatskyy P, Grinnell K, Newton J, Ortiz M, Wang Y, 
Sanchez-Esteban J, Harrington EO, Rounds S (2011) Cigarette 
smoke causes lung vascular barrier dysfunction via oxidative 
stress-mediated inhibition of RhoA and focal adhesion kinase. 
Am J Physiol Lung Cell Mol Physiol 301:L847-857. https://​doi.​
org/​10.​1152/​ajplu​ng.​00178.​2011

	190.	 Martinez AW, Recht NS, Hostetter TH, Meyer TW (2005) 
Removal of P-cresol sulfate by hemodialysis. J Am Soc Nephrol 
16:3430–3436. https://​doi.​org/​10.​1681/​ASN.​20050​30310

	191.	 Dou L, Bertrand E, Cerini C, Faure V, Sampol J, Vanholder R, 
Berland Y, Brunet P (2004) The uremic solutes p-cresol and 
indoxyl sulfate inhibit endothelial proliferation and wound repair. 
Kidney Int 65:442–451. https://​doi.​org/​10.​1111/j.​1523-​1755.​
2004.​00399.x

	192.	 Cerini C, Dou L, Anfosso F, Sabatier F, Moal V, Glorieux G, 
De Smet R, Vanholder R, Dignat-George F, Sampol J, Berland 
Y, Brunet P (2004) P-cresol, a uremic retention solute, alters the 
endothelial barrier function in vitro. J Thromb Haemost 92:140–
150. https://​doi.​org/​10.​1160/​TH03-​07-​0491

	193.	 Faure V, Dou L, Sabatier F, Cerini C, Sampol J, Berland Y, 
Brunet P, Dignat-George F (2006) Elevation of circulating 
endothelial microparticles in patients with chronic renal failure. 
J Thromb Haemost 4:566–573. https://​doi.​org/​10.​1111/j.​1538-​
7836.​2005.​01780.x

	194.	 Carmona A, Guerrero F, Buendia P, Obrero T, Aljama P, Car-
racedo J (2017) Microvesicles Derived from indoxyl sulfate 
treated endothelial cells induce endothelial progenitor cells 
dysfunction. Front Physiol 8:666. https://​doi.​org/​10.​3389/​fphys.​
2017.​00666

	195.	 Guerrero F, Carmona A, Obrero T, Jimenez MJ, Soriano S, 
Moreno JA, Martin-Malo A, Aljama P (2020) Role of endothelial 
microvesicles released by p-cresol on endothelial dysfunction. 
Sci Rep 10:10657. https://​doi.​org/​10.​1038/​s41598-​020-​67574-6

https://doi.org/10.1161/01.res.82.3.314
https://doi.org/10.1161/CIR.0b013e3182009701
https://doi.org/10.1007/s11892-013-0453-1
https://doi.org/10.1161/01.atv.14.10.1521
https://doi.org/10.1161/01.atv.14.10.1521
https://doi.org/10.1124/jpet.109.155960
https://doi.org/10.1124/jpet.109.155960
https://doi.org/10.1172/JCI118175
https://doi.org/10.1016/j.cca.2005.12.008
https://doi.org/10.1042/CS20050183
https://doi.org/10.1096/fj.02-0490fje
https://doi.org/10.1073/pnas.0600362103
https://doi.org/10.1073/pnas.0600362103
https://doi.org/10.1016/0891-5849(91)90040-a
https://doi.org/10.1016/0891-5849(91)90040-a
https://doi.org/10.2337/diab.42.3.411
https://doi.org/10.1016/j.cardiores.2004.10.040
https://doi.org/10.1016/j.cardiores.2004.10.040
https://doi.org/10.2337/diacare.26.5.1589
https://doi.org/10.2337/diacare.26.5.1589
https://doi.org/10.1155/2021/9765119
https://doi.org/10.1002/jcp.25740
https://doi.org/10.1155/2020/5070415
https://doi.org/10.1007/s11356-023-25156-9
https://doi.org/10.1007/s12012-018-9493-8
https://doi.org/10.1093/toxsci/kfx184
https://doi.org/10.1152/ajplung.00178.2011
https://doi.org/10.1152/ajplung.00178.2011
https://doi.org/10.1681/ASN.2005030310
https://doi.org/10.1111/j.1523-1755.2004.00399.x
https://doi.org/10.1111/j.1523-1755.2004.00399.x
https://doi.org/10.1160/TH03-07-0491
https://doi.org/10.1111/j.1538-7836.2005.01780.x
https://doi.org/10.1111/j.1538-7836.2005.01780.x
https://doi.org/10.3389/fphys.2017.00666
https://doi.org/10.3389/fphys.2017.00666
https://doi.org/10.1038/s41598-020-67574-6


4693Molecular and Cellular Biochemistry (2025) 480:4671–4695	

	196.	 Maier JA (2012) Endothelial cells and magnesium: implications 
in atherosclerosis. Clin Sci 122:397–407. https://​doi.​org/​10.​1042/​
CS201​10506

	197.	 Ferre S, Baldoli E, Leidi M, Maier JA (2010) Magnesium defi-
ciency promotes a pro-atherogenic phenotype in cultured human 
endothelial cells via activation of NFkB. BBA 1802:952–958. 
https://​doi.​org/​10.​1016/j.​bbadis.​2010.​06.​016

	198.	 Castiglioni S, Cazzaniga A, Locatelli L, Maier JA (2017) Burn-
ing magnesium, a sparkle in acute inflammation: gleams from 
experimental models. Magnes Res 30:8–15. https://​doi.​org/​10.​
1684/​mrh.​2017.​0418

	199.	 Kostov K, Halacheva L (2018) Role of magnesium deficiency in 
promoting atherosclerosis, endothelial dysfunction, and arterial 
stiffening as risk factors for hypertension. Int J Mol Sci. https://​
doi.​org/​10.​3390/​ijms1​90617​24

	200.	 Maier JA, Castiglioni S, Locatelli L, Zocchi M, Mazur A (2021) 
Magnesium and inflammation: advances and perspectives. Semin 
Cell Dev Biol 115:37–44. https://​doi.​org/​10.​1016/j.​semcdb.​2020.​
11.​002

	201.	 Li FY, Chaigne-Delalande B, Kanellopoulou C, Davis JC, Mat-
thews HF, Douek DC, Cohen JI, Uzel G, Su HC, Lenardo MJ 
(2011) Second messenger role for Mg2+ revealed by human 
T-cell immunodeficiency. Nature 475:471–476. https://​doi.​org/​
10.​1038/​natur​e10246

	202.	 Locatelli L, Fedele G, Maier JA (2023) The role of Txnip in 
mediating low-magnesium-driven endothelial dysfunction. Int J 
Mol Sci. https://​doi.​org/​10.​3390/​ijms2​40983​51

	203.	 Di X, Gao X, Peng L, Ai J, Jin X, Qi S, Li H, Wang K, Luo 
D (2023) Cellular mechanotransduction in health and dis-
eases: from molecular mechanism to therapeutic targets. Sig-
nal Transduct Target Ther 8:282. https://​doi.​org/​10.​1038/​
s41392-​023-​01501-9

	204.	 Vion AC, Perovic T, Petit C, Hollfinger I, Bartels-Klein E, 
Frampton E, Gordon E, Claesson-Welsh L, Gerhardt H (2021) 
Endothelial cell orientation and polarity are controlled by shear 
stress and VEGF through distinct signaling pathways. Front 
Physiol. https://​doi.​org/​10.​3389/​fphys.​2020.​623769

	205.	 Fonseca CG, Barbacena P, Franco CA (2020) Endothelial cells 
on the move: dynamics in vascular morphogenesis and disease. 
Vasc Biol 2:H29–H43. https://​doi.​org/​10.​1530/​vb-​20-​0007

	206.	 Chiu J-J, Chien S (2011) Effects of disturbed flow on vascular 
endothelium: pathophysiological basis and clinical perspectives. 
Physiol Rev 91:327–387. https://​doi.​org/​10.​1152/​physr​ev.​00047.​
2009

	207.	 Chistiakov DA, Orekhov AN, Bobryshev YV (2017) Effects of 
shear stress on endothelial cells: go with the flow. Acta Physiol 
(Oxf) 219:382–408. https://​doi.​org/​10.​1111/​apha.​12725

	208.	 Ouarné M, Pena A, Franco CA (2021) From remodeling to qui-
escence: the transformation of the vascular network. Cells Dev 
168:203735. https://​doi.​org/​10.​1016/j.​cdev.​2021.​203735

	209.	 Baeyens N, Bandyopadhyay C, Coon BG, Yun S, Schwartz MA 
(2016) Endothelial fluid shear stress sensing in vascular health 
and disease. J Clin Invest 126:821–828. https://​doi.​org/​10.​1172/​
jci83​083

	210.	 Franco CA, Jones ML, Bernabeu MO, Geudens I, Mathivet T, 
Rosa A, Lopes FM, Lima AP, Ragab A, Collins RT, Phng LK, 
Coveney PV, Gerhardt H (2015) Dynamic endothelial cell rear-
rangements drive developmental vessel regression. PLoS Biol 
13:e1002125. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10021​25

	211.	 Nigro P, J-i A, Berk BC (2011) flow shear stress and athero-
sclerosis: a matter of site specificity. Antioxid Redox Signal 
15:1405–1414. https://​doi.​org/​10.​1089/​ars.​2010.​3679

	212.	 Ando J, Yamamoto K (2011) Effects of shear stress and stretch 
on endothelial function. Antioxid Redox Signal 15:1389–1403. 
https://​doi.​org/​10.​1089/​ars.​2010.​3361

	213.	 Lu D, Kassab GS (2011) Role of shear stress and stretch in vas-
cular mechanobiology. J R Soc Interface 8:1379–1385. https://​
doi.​org/​10.​1098/​rsif.​2011.​0177

	214.	 Jufri NF, Mohamedali A, Avolio A, Baker MS (2015) Mechani-
cal stretch: physiological and pathological implications for 
human vascular endothelial cells. Vasc Cell 7:8. https://​doi.​org/​
10.​1186/​s13221-​015-​0033-z

	215.	 Liu X-m, Ensenat D, Wang H, Schafer AI, Durante W (2003) 
Physiologic cyclic stretch inhibits apoptosis in vascular endothe-
lium. FEBS Lett 541:52–56. https://​doi.​org/​10.​1016/​S0014-​
5793(03)​00285-0

	216.	 Gordon E, Schimmel L, Frye M (2020) The importance of 
mechanical forces for in vitro endothelial cell biology. Front 
Physiol 11:684. https://​doi.​org/​10.​3389/​fphys.​2020.​00684

	217.	 Meng F, Cheng H, Qian J, Dai X, Huang Y, Fan Y (2022) In vitro 
fluidic systems: applying shear stress on endothelial cells. Med 
Nov Technol Devices 15:100143. https://​doi.​org/​10.​1016/j.​
medntd.​2022.​100143

	218.	 Thacher T, Gambillara V, da Silva RF, Silacci P, Stergiopulos 
N (2010) Reduced cyclic stretch, endothelial dysfunction, and 
oxidative stress: an ex vivo model. Cardiovasc Pathol 19:e91-98. 
https://​doi.​org/​10.​1016/j.​carpa​th.​2009.​06.​007

	219.	 Ochoa CD, Baker H, Hasak S, Matyal R, Salam A, Hales CA, 
Hancock W, Quinn DA (2008) Cyclic stretch affects pulmo-
nary endothelial cell control of pulmonary smooth muscle cell 
growth. Am J Respir Cell Mol Biol 39:105–112. https://​doi.​
org/​10.​1165/​rcmb.​2007-​0283OC

	220.	 Deweirdt J, Ducret T, Quignard JF, Freund-Michel V, Lacomme 
S, Gontier E, Muller B, Marthan R, Guibert C, Baudrimont I 
(2022) Effects of FW2 nanoparticles toxicity in a new in vitro 
pulmonary vascular cells model mimicking endothelial dys-
function. Cardiovasc Toxicol 22:14–28. https://​doi.​org/​10.​
1007/​s12012-​021-​09679-6

	221.	 Bakand S, Hayes A (2016) Toxicological considerations, toxic-
ity assessment, and risk management of inhaled nanoparticles. 
Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms1​70609​29

	222.	 Guseva Canu I, Fraize-Frontier S, Michel C, Charles S (2020) 
Weight of epidemiological evidence for titanium dioxide 
risk assessment: current state and further needs. J Expo Sci 
Environ Epidemiol 30:430–435. https://​doi.​org/​10.​1038/​
s41370-​019-​0161-2

	223.	 Germande O, Ducret T, Quignard JF, Deweirdt J, Freund-
Michel V, Errera MH, Cardouat G, Vacher P, Muller B, Berger 
P, Guibert C, Baudrimont M, Baudrimont I (2022) NiONP-
induced oxidative stress and mitochondrial impairment in an 
in vitro pulmonary vascular cell model mimicking endothelial 
dysfunction. Antioxidants (Basel). https://​doi.​org/​10.​3390/​
antio​x1105​0847

	224.	 Ghim M, Pang KT, Arshad M, Wang X, Weinberg PD (2018) A 
novel method for segmenting growth of cells in sheared endothe-
lial culture reveals the secretion of an anti-inflammatory media-
tor. J Biol Eng 12:15. https://​doi.​org/​10.​1186/​s13036-​018-​0107-6

	225.	 Meng F, Cheng H, Qian J, Dai X, Huang Y, Fan Y (2022) In vitro 
fluidic systems: applying shear stress on endothelial cells. Med 
Nov Technol Devices. https://​doi.​org/​10.​1016/j.​medntd.​2022.​
100143

	226.	 Wang YX, Xiang C, Liu B, Zhu Y, Luan Y, Liu ST, Qin KR 
(2016) A multi-component parallel-plate flow chamber system 
for studying the effect of exercise-induced wall shear stress on 
endothelial cells. Biomed Eng Online 15:154. https://​doi.​org/​10.​
1186/​s12938-​016-​0273-z

	227.	 Franzoni M, Cattaneo I, Ene-Iordache B, Oldani A, Righettini 
P, Remuzzi A (2016) Design of a cone-and-plate device for con-
trolled realistic shear stress stimulation on endothelial cell mon-
olayers. Cytotechnology 68:1885–1896. https://​doi.​org/​10.​1007/​
s10616-​015-​9941-2

https://doi.org/10.1042/CS20110506
https://doi.org/10.1042/CS20110506
https://doi.org/10.1016/j.bbadis.2010.06.016
https://doi.org/10.1684/mrh.2017.0418
https://doi.org/10.1684/mrh.2017.0418
https://doi.org/10.3390/ijms19061724
https://doi.org/10.3390/ijms19061724
https://doi.org/10.1016/j.semcdb.2020.11.002
https://doi.org/10.1016/j.semcdb.2020.11.002
https://doi.org/10.1038/nature10246
https://doi.org/10.1038/nature10246
https://doi.org/10.3390/ijms24098351
https://doi.org/10.1038/s41392-023-01501-9
https://doi.org/10.1038/s41392-023-01501-9
https://doi.org/10.3389/fphys.2020.623769
https://doi.org/10.1530/vb-20-0007
https://doi.org/10.1152/physrev.00047.2009
https://doi.org/10.1152/physrev.00047.2009
https://doi.org/10.1111/apha.12725
https://doi.org/10.1016/j.cdev.2021.203735
https://doi.org/10.1172/jci83083
https://doi.org/10.1172/jci83083
https://doi.org/10.1371/journal.pbio.1002125
https://doi.org/10.1089/ars.2010.3679
https://doi.org/10.1089/ars.2010.3361
https://doi.org/10.1098/rsif.2011.0177
https://doi.org/10.1098/rsif.2011.0177
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.1016/S0014-5793(03)00285-0
https://doi.org/10.1016/S0014-5793(03)00285-0
https://doi.org/10.3389/fphys.2020.00684
https://doi.org/10.1016/j.medntd.2022.100143
https://doi.org/10.1016/j.medntd.2022.100143
https://doi.org/10.1016/j.carpath.2009.06.007
https://doi.org/10.1165/rcmb.2007-0283OC
https://doi.org/10.1165/rcmb.2007-0283OC
https://doi.org/10.1007/s12012-021-09679-6
https://doi.org/10.1007/s12012-021-09679-6
https://doi.org/10.3390/ijms17060929
https://doi.org/10.1038/s41370-019-0161-2
https://doi.org/10.1038/s41370-019-0161-2
https://doi.org/10.3390/antiox11050847
https://doi.org/10.3390/antiox11050847
https://doi.org/10.1186/s13036-018-0107-6
https://doi.org/10.1016/j.medntd.2022.100143
https://doi.org/10.1016/j.medntd.2022.100143
https://doi.org/10.1186/s12938-016-0273-z
https://doi.org/10.1186/s12938-016-0273-z
https://doi.org/10.1007/s10616-015-9941-2
https://doi.org/10.1007/s10616-015-9941-2


4694	 Molecular and Cellular Biochemistry (2025) 480:4671–4695

	228.	 Avari H, Savory E, Rogers KA (2016) An in vitro hemodynamic 
flow system to study the effects of quantified shear stresses on 
endothelial cells. Cardiovasc Eng Technol 7:44–57. https://​doi.​
org/​10.​1007/​s13239-​015-​0250-x

	229.	 Sun Y, Zhang B, Xia L (2021) Effect of low wall shear stress on 
the morphology of endothelial cells and its evaluation indicators. 
Comput Methods Programs Biomed 208:106082. https://​doi.​org/​
10.​1016/j.​cmpb.​2021.​106082

	230.	 Kim JS, Park JY (2019) Effects of resveratrol on laminar shear 
stress-induced mitochondrial biogenesis in human vascular 
endothelial cells. J Exer Nutr Biochem 23:7–12. https://​doi.​org/​
10.​20463/​jenb.​2019.​0002

	231.	 Fernandes A, Hosseini V, Vogel V, Lovchik RD (2022) Engineer-
ing solutions for biological studies of flow-exposed endothelial 
cells on orbital shakers. PLoS ONE 17:e0262044. https://​doi.​org/​
10.​1371/​journ​al.​pone.​02620​44

	232.	 Conway DE, Coon BG, Budatha M, Arsenovic PT, Orsenigo F, 
Wessel F, Zhang J, Zhuang Z, Dejana E, Vestweber D, Schwartz 
MA (2017) VE-cadherin phosphorylation regulates endothelial 
fluid shear stress responses through the polarity protein LGN. 
Curr Biol 27(2219–2225):e2215. https://​doi.​org/​10.​1016/j.​cub.​
2017.​06.​020

	233.	 Man HSJ, Sukumar AN, Ku KH, Dubinsky MK, Subramaniam 
N, Marsden PA (2018) Gene expression analysis of endothelial 
cells exposed to shear stress using multiple parallel-plate flow 
chambers. J Vis Exp. https://​doi.​org/​10.​3791/​58478

	234.	 Andueza A, Kumar S, Kim J, Kang DW, Mumme HL, Perez JI, 
Villa-Roel N, Jo H (2020) Endothelial reprogramming by dis-
turbed flow revealed by single-cell RNA and chromatin accessi-
bility study. Cell Rep 33:108491. https://​doi.​org/​10.​1016/j.​celrep.​
2020.​108491

	235.	 Tajadura V, Hansen MH, Smith J, Charles H, Rickman M, Far-
rell-Dillon K, Claro V, Warboys C, Ferro A (2020) beta-catenin 
promotes endothelial survival by regulating eNOS activity and 
flow-dependent anti-apoptotic gene expression. Cell Death Dis 
11:493. https://​doi.​org/​10.​1038/​s41419-​020-​2687-6

	236.	 t’Hart DC, van der Vlag J, Nijenhuis T (2021) Laminar flow 
substantially affects the morphology and functional phenotype 
of glomerular endothelial cells. PLoS One 16:e0251129. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02511​29

	237.	 Yao R, Yousef F, Alkhawtan A, Chen R, Luan J, Xu M (1970) 
Rapid and efficient in vivo angiogenesis directed by electro-
assisted bioprinting of alginate/collagen microspheres with 
human umbilical vein endothelial cell coating layer. Int J Bio-
printing. https://​doi.​org/​10.​1863/​ijb.​v5i2.​194

	238.	 Lerman MJ, Lembong J, Muramoto S, Gillen G, Fisher JP (2018) 
The evolution of polystyrene as a cell culture material. Tissue 
Eng Part B Rev 24:359–372. https://​doi.​org/​10.​1089/​ten.​TEB.​
2018.​0056

	239.	 Antoni D, Burckel H, Josset E, Noel G (2015) Three-dimensional 
cell culture: a breakthrough in vivo. Int J Mol Sci 16:5517–5527. 
https://​doi.​org/​10.​3390/​ijms1​60355​17

	240.	 Ding Y, Floren M, Tan W (2017) High-throughput screening 
of vascular endothelium-destructive or protective microenviron-
ments: cooperative actions of extracellular matrix composition, 
stiffness, and structure. Adv Healthc Mater. https://​doi.​org/​10.​
1002/​adhm.​20160​1426

	241.	 Cooke JP (2000) The endothelium: a new target for therapy. Vasc 
Med 5:1–65. https://​doi.​org/​10.​1177/​13588​36X00​00500​108

	242.	 van den Berg BM, Vink H, Spaan JA (2003) The endothelial 
glycocalyx protects against myocardial edema. Circ Res 92:592–
594. https://​doi.​org/​10.​1161/​01.​RES.​00000​65917.​53950.​75

	243.	 Villalba N, Baby S, Yuan SY (2021) The endothelial glycoca-
lyx as a double-edged sword in microvascular homeostasis and 

pathogenesis. Front Cell Dev Biol 9:711003. https://​doi.​org/​10.​
3389/​fcell.​2021.​711003

	244.	 Zhang J, Schwartz MP, Hou Z, Bai Y, Ardalani H, Swanson S, 
Steill J, Ruotti V, Elwell A, Nguyen BK, Bolin J, Stewart R, 
Thomson JA, Murphy WL (2017) A genome-wide analysis of 
human pluripotent stem cell-derived endothelial cells in 2D or 
3D culture. Stem Cell Rep 8:907–918. https://​doi.​org/​10.​1016/j.​
stemcr.​2017.​02.​014

	245.	 Anthon SG, Valente KP (2022) Vascularization strategies in 3D 
cell culture models: from scaffold-free models to 3D bioprinting. 
Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms2​32314​582

	246.	 Huang X, Huang Z, Gao W, Gao W, He R, Li Y, Crawford R, 
Zhou Y, Xiao L, Xiao Y (2022) Current advances in 3D dynamic 
cell culture systems. Gels 8:829. https://​doi.​org/​10.​3390/​gels8​
120829

	247.	 Mierke CT (2023) Physical and biological advances in endothe-
lial cell-based engineered co-culture model systems. Semin Cell 
Dev Biol 147:58–69. https://​doi.​org/​10.​1016/j.​semcdb.​2023.​01.​
012

	248.	 Franchi-Mendes T, Lopes N, Brito C (2021) Heterotypic tumor 
spheroids in agitation-based cultures: a scaffold-free cell model 
that sustains long-term survival of endothelial cells. Front Bio-
eng Biotechnol. https://​doi.​org/​10.​3389/​fbioe.​2021.​649949

	249.	 Upreti M, Jamshidi-Parsian A, Koonce NA, Webber JS, Sharma 
SK, Asea AA, Mader MJ, Griffin RJ (2011) Tumor-endothelial 
cell three-dimensional spheroids: new aspects to enhance radia-
tion and drug therapeutics. Transl Oncol 4:365–376. https://​doi.​
org/​10.​1593/​tlo.​11187

	250.	 Bhat SM, Badiger VA, Vasishta S, Chakraborty J, Prasad S, 
Ghosh S, Joshi MB (2021) 3D tumor angiogenesis models: recent 
advances and challenges. J Cancer Res Clin Oncol 147:3477–
3494. https://​doi.​org/​10.​1007/​s00432-​021-​03814-0

	251.	 Sharma P, Gentile C (2021) Cardiac spheroids as in vitro bioen-
gineered heart tissues to study human heart pathophysiology. J 
Vis Exp. https://​doi.​org/​10.​3791/​61962

	252.	 Kahn-Krell A, Pretorius D, Guragain B, Lou X, Wei Y, Zhang 
J, Qiao A, Nakada Y, Kamp TJ, Ye L, Zhang J (2022) A three-
dimensional culture system for generating cardiac spheroids 
composed of cardiomyocytes, endothelial cells, smooth-muscle 
cells, and cardiac fibroblasts derived from human induced-pluri-
potent stem cells. Front Bioeng Biotechnol. https://​doi.​org/​10.​
3389/​fbioe.​2022.​908848

	253.	 Noguchi R, Nakayama K, Itoh M, Kamohara K, Furukawa K, 
Oyama JI, Node K, Morita S (2016) Development of a three-
dimensional pre-vascularized scaffold-free contractile cardiac 
patch for treating heart disease. J Heart Lung Transplant 35:137–
145. https://​doi.​org/​10.​1016/j.​healun.​2015.​06.​001

	254.	 Bai Y, Yeung E, Lui C, Ong CS, Pitaktong I, Huang C, Inoue T, 
Matsushita H, Ma C, Hibino N (2018) A net mold-based method 
of scaffold-free three-dimensional cardiac tissue creation. J Vis 
Exp. https://​doi.​org/​10.​3791/​58252

	255.	 Seok H, Roo D, Cho S, Song W, Kim JU, Park TH, So KH, 
Hwang NS (2024) Magnetically assembled endothelial cell-
coated spheroid for vascularization. J Indust Eng Chem 134:484–
494. https://​doi.​org/​10.​1016/j.​jiec.​2024.​01.​011

	256.	 Tibbitt MW, Anseth KS (2009) Hydrogels as extracellular matrix 
mimics for 3D cell culture. Biotechnol Bioeng 103:655–663. 
https://​doi.​org/​10.​1002/​bit.​22361

	257.	 Wang B, Chen R, Gao H, Lv X, Chen L, Wang W, Liu Y, Zheng 
N, Lin R (2020) A comparative study unraveling the effects of 
TNF-alpha stimulation on endothelial cells between 2D and 3D 
culture. Biomed Mater 15:065018. https://​doi.​org/​10.​1088/​1748-​
605X/​ab95e3

	258.	 Gao H, Wang B, Chen R, Jin Z, Ren L, Yang J, Wang W, Zheng 
N, Lin R (2022) Effects of hydrogen peroxide on endothelial 

https://doi.org/10.1007/s13239-015-0250-x
https://doi.org/10.1007/s13239-015-0250-x
https://doi.org/10.1016/j.cmpb.2021.106082
https://doi.org/10.1016/j.cmpb.2021.106082
https://doi.org/10.20463/jenb.2019.0002
https://doi.org/10.20463/jenb.2019.0002
https://doi.org/10.1371/journal.pone.0262044
https://doi.org/10.1371/journal.pone.0262044
https://doi.org/10.1016/j.cub.2017.06.020
https://doi.org/10.1016/j.cub.2017.06.020
https://doi.org/10.3791/58478
https://doi.org/10.1016/j.celrep.2020.108491
https://doi.org/10.1016/j.celrep.2020.108491
https://doi.org/10.1038/s41419-020-2687-6
https://doi.org/10.1371/journal.pone.0251129
https://doi.org/10.1371/journal.pone.0251129
https://doi.org/10.1863/ijb.v5i2.194
https://doi.org/10.1089/ten.TEB.2018.0056
https://doi.org/10.1089/ten.TEB.2018.0056
https://doi.org/10.3390/ijms16035517
https://doi.org/10.1002/adhm.201601426
https://doi.org/10.1002/adhm.201601426
https://doi.org/10.1177/1358836X0000500108
https://doi.org/10.1161/01.RES.0000065917.53950.75
https://doi.org/10.3389/fcell.2021.711003
https://doi.org/10.3389/fcell.2021.711003
https://doi.org/10.1016/j.stemcr.2017.02.014
https://doi.org/10.1016/j.stemcr.2017.02.014
https://doi.org/10.3390/ijms232314582
https://doi.org/10.3390/gels8120829
https://doi.org/10.3390/gels8120829
https://doi.org/10.1016/j.semcdb.2023.01.012
https://doi.org/10.1016/j.semcdb.2023.01.012
https://doi.org/10.3389/fbioe.2021.649949
https://doi.org/10.1593/tlo.11187
https://doi.org/10.1593/tlo.11187
https://doi.org/10.1007/s00432-021-03814-0
https://doi.org/10.3791/61962
https://doi.org/10.3389/fbioe.2022.908848
https://doi.org/10.3389/fbioe.2022.908848
https://doi.org/10.1016/j.healun.2015.06.001
https://doi.org/10.3791/58252
https://doi.org/10.1016/j.jiec.2024.01.011
https://doi.org/10.1002/bit.22361
https://doi.org/10.1088/1748-605X/ab95e3
https://doi.org/10.1088/1748-605X/ab95e3


4695Molecular and Cellular Biochemistry (2025) 480:4671–4695	

function in three-dimensional hydrogel vascular model and regu-
lation mechanism of polar protein Par3. Biomed Mater. https://​
doi.​org/​10.​1088/​1748-​605X/​ac8538

	259.	 Akbari E, Spychalski GB, Song JW (2017) Microfluidic 
approaches to the study of angiogenesis and the microcircula-
tion. Microcirculation. https://​doi.​org/​10.​1111/​micc.​12363

	260.	 Song JW, Daubriac J, Tse JM, Bazou D, Munn LL (2012) RhoA 
mediates flow-induced endothelial sprouting in a 3-D tissue ana-
logue of angiogenesis. Lab Chip 12:5000–5006. https://​doi.​org/​
10.​1039/​c2lc4​0389g

	261.	 Vickermana V, Kammb RD (2012) Mechanism of a flow-gated 
angiogenesis switch: early signaling events at cell-matrix and 
cell-cell junctions. Integr Biol (Camb) 4:863–874. https://​doi.​
org/​10.​1039/​c2ib0​0184e

	262.	 Leung CM, de Haan P, Ronaldson-Bouchard K, Kim GA, Ko 
J, Rho HS, Chen Z, Habibovic P, Jeon NL, Takayama S, Shuler 
ML, Vunjak-Novakovic G, Frey O, Verpoorte E, Toh YC (2022) 
A guide to the organ-on-a-chip. Nat Rev Methods Primers. 
https://​doi.​org/​10.​1038/​s43586-​022-​00118-6

	263.	 Bhatia SN, Ingber DE (2014) Microfluidic organs-on-chips. Nat 
Biotechnol 32:760–772. https://​doi.​org/​10.​1038/​nbt.​2989

	264.	 Corral-Najera K, Chauhan G, Serna-Saldivar SO, Martinez-
Chapa SO, Aeinehvand MM (2023) Polymeric and biological 
membranes for organ-on-a-chip devices. Microsyst Nanoeng 
9:107. https://​doi.​org/​10.​1038/​s41378-​023-​00579-z

	265.	 Bulboaca AE, Boarescu PM, Melincovici CS, Mihu CM (2020) 
Microfluidic endothelium-on-a-chip development, from in vivo 
to in vitro experimental models. Rom J Morphol Embryol 61:15–
23. https://​doi.​org/​10.​47162/​RJME.​61.1.​02

	266.	 Qiu Y, Ahn B, Sakurai Y, Hansen CE, Tran R, Mimche PN, 
Mannino RG, Ciciliano JC, Lamb TJ, Joiner CH, Ofori-Acquah 

SF, Lam WA (2018) Microvasculature-on-a-chip for the long-
term study of endothelial barrier dysfunction and microvascular 
obstruction in disease. Nat Biomed Eng 2:453–463. https://​doi.​
org/​10.​1038/​s41551-​018-​0224-z

	267.	 Zheng Y, Chen J, Craven M, Choi NW, Totorica S, Diaz-Santana 
A, Kermani P, Hempstead B, Fischbach-Teschl C, Lopez JA, 
Stroock AD (2012) In vitro microvessels for the study of angio-
genesis and thrombosis. Proc Natl Acad Sci U S A 109:9342–
9347. https://​doi.​org/​10.​1073/​pnas.​12012​40109

	268.	 Tsvirkun D, Grichine A, Duperray A, Misbah C, Bureau L (2017) 
Microvasculature on a chip: study of the endothelial surface 
layer and the flow structure of red blood cells. Sci Rep 7:45036. 
https://​doi.​org/​10.​1038/​srep4​5036

	269.	 Zhang YS, Davoudi F, Walch P, Manbachi A, Luo X, Dell’Erba 
V, Miri AK, Albadawi H, Arneri A, Li X, Wang X, Dokmeci 
MR, Khademhosseini A, Oklu R (2016) Bioprinted thrombosis-
on-a-chip. Lab Chip 16:4097–4105. https://​doi.​org/​10.​1039/​
c6lc0​0380j

	270.	 Shakeri A, Wang Y, Zhao Y, Landau S, Perera K, Lee J, Radi-
sic M (2023) Engineering organ-on-a-chip systems for vascular 
diseases. Arterioscler Thromb Vasc Biol 43:2241–2255. https://​
doi.​org/​10.​1161/​ATVBA​HA.​123.​318233

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1088/1748-605X/ac8538
https://doi.org/10.1088/1748-605X/ac8538
https://doi.org/10.1111/micc.12363
https://doi.org/10.1039/c2lc40389g
https://doi.org/10.1039/c2lc40389g
https://doi.org/10.1039/c2ib00184e
https://doi.org/10.1039/c2ib00184e
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1038/s41378-023-00579-z
https://doi.org/10.47162/RJME.61.1.02
https://doi.org/10.1038/s41551-018-0224-z
https://doi.org/10.1038/s41551-018-0224-z
https://doi.org/10.1073/pnas.1201240109
https://doi.org/10.1038/srep45036
https://doi.org/10.1039/c6lc00380j
https://doi.org/10.1039/c6lc00380j
https://doi.org/10.1161/ATVBAHA.123.318233
https://doi.org/10.1161/ATVBAHA.123.318233

	Endothelial dysfunction in cardiovascular diseases: mechanisms and in vitro models
	Abstract
	Introduction
	Endothelial cell dysfunction in cardiovascular diseases
	In vitro models of endothelial cell dysfunction
	Chemical stimuli
	Vasoconstrictionvasodilation imbalance
	Oxidative stress
	Inflammation
	Hypoxia
	Hyperglycemia
	Toxins
	Nutrient deficiency

	Mechanical stimuli
	Cyclic stretch
	Shear stress

	3D cell culture models
	Scaffold-free 3D cell culture systems
	Scaffold-based 3D cell culture systems
	Organ-on-a-chip models


	Conclusion
	Acknowledgements 
	References




