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Abstract: Cardiovascular disease (CVD) is the leading cause of death worldwide, and extensive
research has been performed to understand this disease better, using various experimental
models. The endothelium plays a crucial role in the development of CVD, since it is an interface
between bloodstream components, such as monocytes and platelets, and other arterial wall
components. Human umbilical vein endothelial cell (HUVEC) isolation from umbilical cord was
first described in 1973. To date, this model is still widely used because of the high HUVEC
isolation success rate, and because HUVEC are an excellent model to study a broad array of diseases,
including cardiovascular and metabolic diseases. We here review the history of HUVEC isolation,
the HUVEC model over time, HUVEC culture characteristics and conditions, advantages and
disadvantages of this model and finally, its applications in the area of cardiovascular diseases.

Keywords: human umbilical cord collection and conservation; endothelial cells; HUVEC model;
HUVEC isolation; HUVEC culture conditions; cardiovascular disease

1. Introduction

Cardiovascular disease (CVD) is highly prevalent in the adult population and the leading cause of
morbidity and mortality globally [1]. While CVD has a complex etiology, atherosclerosis is considered
the primary pathological mechanism associated with this disease. Atherogenesis begins with the loss
of integrity of the vascular endothelium or endothelial dysfunction, and its progression leads to vessel
damage and occlusion that may result in a variety of outcomes, such as thrombosis of the arterial wall,
as well as injury and dysfunction of tissues and organs [2,3]. Numerous studies have acknowledged
the crucial role of endothelial dysfunction in CVD, so it is necessary to find an optimal model for
research of this disease [2,4–6].

Although there are significant advances in the development of animal models for the study of
disease, such as transgenic mice, these models frequently fail to faithfully recapitulate the human
condition [7]. In fact, several studies have shown that the efficacy and safety of many drugs previously
tested in animals fail in human clinical trials [7,8]. While studies in animal models have made
crucial contributions to research, in vitro tests have the potential to make distinct contributions in
testing hypotheses [7–9], as they allow to isolate the object of study, control experimental variables
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and minimize the effect of experimental covariates. In vitro models can represent the complex 3D
structure of tissues, allowing the study of the mechanisms and molecular interactions of organisms
at different levels: Molecules, cells and organs, both in normal and pathological conditions [7–10].
Over time, the development of in vitro models and specific cell cultures have led to accelerated
progress in understanding many diseases, the proposal of novel therapies and the development of
novel diagnostic methods.

Studies in human umbilical vein endothelial cells (HUVEC) have been acknowledged as a useful
model for research on human endothelium. Although this model does not represent all endothelial cell
types found in an organism, HUVEC are an excellent model for the study of vascular endothelium
properties and the main biological pathways involved in endothelium function [11]. More recently,
this model has been used to study pathophysiological mechanisms involved in the development of
CVD. The aim of this review is to provide an extensive and thorough review of human umbilical cord
properties, historical and methodological aspects of HUVEC isolation and culture, and to describe
different approaches that have been useful to understand CVD and other cardiometabolic conditions.

2. Why an Endothelial Model?

The study of human endothelium and endothelial dysfunction has become a central issue in
cardiovascular and clinical research. The vascular endothelium is involved in a wide variety of
functions and in the pathophysiology of several diseases, including diabetes, hypertension, neoplasms
(Kaposi’s sarcoma) and CVD [12–14]. Moreover, vascular endothelium alterations are considered
initial events in the pathophysiology of various diseases [12]. It is a vital autocrine and paracrine
organ that maintains vascular homeostasis, and regulates local cell growth and extracellular matrix
deposition [13]. Endothelial cells (EC) produce many different vasculoregulatory and vasculotropic
molecules that act at local and distant sites [14]. The endothelium not only functions as a barrier
between blood and organs, but it also participates in the transfer of nutrients, hormones and white
blood cells, and in anti-inflammatory responses [13].

This organ is also involved in the regulation of blood pressure, blood flow, and coagulation [14].
Because the endothelium participates in wound repair processes, wound-healing or Boyden chamber
migration assays with EC can be used to examine this process under different experimental
conditions [12,15]. Additionally, EC play a role in angiogenesis and platelet binding to substrates or
to the endothelial monolayer under flow conditions [15]. The HUVEC model has been particularly
useful in the study of the effects of hemodynamic forces on the endothelium and atherosclerotic plaque
formation, since the model allows to expose EC to shear stress controlling flow conditions, and thus,
mimicking blood flow conditions in vivo [5].

In vivo models have been widely used to investigate a broad range of biological mechanisms.
However, these models are not always the best option, partly because of several technical difficulties.
Particularly when attempting to elucidate the contribution of cellular and molecular factors under
very specific and controlled conditions, in vitro models are preferred. In recent years, in vitro HUVEC
models have been useful to study monocyte adhesion to the endothelium, endothelial damage and
repair, the potential impact of atherosclerosis in early stages and atherosclerosis progression [15].
Moreover, studies in HUVEC have the potential to refine the stratification of cardiovascular risk and
serve as a guide to monitor the effects of therapeutic interventions.

3. Umbilical Cord and HUVEC

3.1. Characteristics of Umbilical Cord

The human umbilical cord (HUC) is formed during the fifth week of embryonic development [16].
At the end of pregnancy, it weighs approximately 40 g, reaches a length of 60–65 cm, and has a diameter
of 1.5 cm [16,17]. The HUC contains two umbilical arteries and one vein (Figure 1A), all embedded in
a mucous matrix of connective tissue with no capillaries or lymphatic vessels, rich in proteoglycans and
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several collagen isoforms, known as Wharton’s jelly (WJ) [16,18]. WJ derives from the extraembryonic
mesoderm [19].
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Figure 1. Representative pictures of umbilical cord. Macroscopic view (A); hematoxylin and eosin
(H&E) stained histological view (B). The two umbilical arteries (UA) and one vein (UV) are embedded in
Wharton’s jelly (WJ) (A). The architecture of the WJ comprises four different cell populations: Amnion
(AM), Subamnion (SA), Perivascular areas (PV) and the stem cells of the WJ (WH) (B).

The human umbilical cord is compartmentalized, each compartment with distinct cellular
characteristics. WJ seems to perform the function of the adventitia, which is absent from cord vessels,
unifying and enclosing such vessels [20]. In situ histological cross-sections stained with Hematoxylin
and Eosin (H&E) have revealed that the architecture of the internal WJ tissue comprises four different
cell populations in found defined zones: (1) The amnion (AM) located in the peripheral region, is a layer
of cells that covers the umbilical cord; (2) the subamnion (SA) situated in the outermost mucous tissue,
directly below the AM cells; (3) the perivascular areas (PV) surrounding umbilical blood vessels; and
(4) the stem cells of the WJ (WH) located below the SA zone and between the PV and AM region
(Figure 1B). The intervascular WJ region occupies the most significant area and volume of the umbilical
cord [21–24].

Primitive mesenchymal stem cells are trapped in the connective tissue of the matrix, in the
WJ, and tend to migrate to the aorta-gonads-mesonephros region during embryogenesis [25].
The function of these cells in the umbilical cord is to secrete several glycoproteins, mucopolysaccharides,
glycoaminoglycans and extracellular matrix proteins to form the gelatinous substance that helps
prevent strangulation of vessels during pregnancy. On the other hand, the stromal cells of the umbilical
cord were first recognized as "unusual fibroblasts", since they possess fibroblast-like characteristics and
functions. However, several lines of evidence, such as the presence of a well-developed endoplasmic
reticulum with dilated cisterns, and the presence of the prolyl-4-hydroxylase enzyme (involved with
collagen synthesis), support the idea that stromal cells are responsible for the synthesis of collagen
and other components of the extracellular matrix [26]. Finally, EC are distributed in the intravascular
region of the cord, while epithelial cells compose the remainder tissue [18,26].

3.2. The HUVEC Model through Time

Between 1922 and 1973, there was growing interest in HUVEC as a research model for
the scientific community. Figure 2 shows a timeline of events regarding the HUVEC model,
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starting with the description of HUVEC in 1922 [27], and their isolation in 1973 by Jaffe et al.
Subsequently, other milestones emerged in the study of the endothelium, implicating in vivo models.
It was not until 1987, when the HUVEC model was used to study CVD and other pathological and
physiological cellular events [28].
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Figure 2. Timeline of human umbilical vein endothelial cell (HUVEC) cultures in science. The most
important events since the first description of embryonic tissues are described, including the endothelial
cell of the umbilical vein, the first isolation of HUVEC and cultures, as well as applications of the model
to study cardiovascular disease (CVD) and other pathological and physiological processes [27–39].

3.3. Isolation and Culture of HUVEC

3.3.1. First HUVEC Isolation Techniques

EC cultures began in the 20th century with the work of Lewis [27] and Maruyama [40]; Eric A.
Jaffe successfully isolated these cells and established the means to identify endothelial cultures by
morphological, immunohistological, and serological criteria. The isolation technique established by
Jaffe was as follows:

One end of the umbilical cord is cannulated with a 14G needle and secured with Nylon thread.
Next, the vein is perfused with 100 mL of cord buffer (Table 1) to remove traces of blood and drain
the vessel. The other end of the cord is cannulated with a 12G needle. The vein is then perfused
with 10 mL of 0.2% collagenase, diluted in cord buffer, the cord is placed in a water bath with the
same buffer, and incubated at 37 ◦C for 15 minutes. Afterwards, the collagenase solution (containing
the EC) is drained by introducing 30 mL of cord buffer into the vein. The effluent is collected in
sterile 50 mL tubes containing 10 mL of Medium 199 (M-199) enriched with 20% fetal bovine serum
(FBS). The cells are centrifugated at 250 g for 10 minutes and washed with 20 mL of enriched M-199.
Finally, the pellet is resuspended in 5 mL of fresh culture medium. The yield of this procedure is in the
range of 0.5–1.5 × 106 cells per cord [28].
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Table 1. Solutions used for umbilical cord conservation.

Solution Composition Conservation time References

Cord Buffer, pH 7.4 NaCl 0.14 M
KCl 0.004 M
Phosphate buffer solution 0.001
M
Glucose 0.011 M

<3 h [28]

Phosphate buffer
solution (cold)

Calcium, magnesium,
streptomycin and penicillin.

2-3 h [41]

Transportation buffer NaCl 1.4M
Na2HPO4 5.2mM
KCl 40 mM.

<24 h [42]

Transportation and
conservation buffer

50 mL of PBS 1X
1 mL of penicillin
1 mL of colistin

<6 h [11]

HEPES (1X) buffer NaCl 137 mM
KCL 4 mM
HEPES 10 mM
Glucose 11.1 mM.

<3 h [43]

Supplemented PBS PBS supplemented with 1.5%
antibiotic-antimycotic.

<3 h [44]

Abbreviations: HEPES, (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid); KCl, potassium chloride; NaCl,
sodium chloride; Na2HPO4, Sodium phosphate dibasic; PBS, phosphate buffered saline.

Jaffe et al. obtained EC that grew in a homogeneous monolayer of polygonal cells with poorly
defined borders. In addition, morphological comparison with smooth muscle cells and fibroblasts,
and Transmission Electron Microscopy (TEM) revealed that EC contain rod-shaped cytoplasmic
organelles, such as those described by Weibel and Palade (Weibel-Palade bodies or WPB) in 1963 [45],
absent from both fibroblasts and smooth muscle cells [28].

In 1974, Michael A Gimbrone et al. characterized the population growth behavior of primary and
subcultures of HUVEC using 3[H] thymidine to analyze DNA synthesis. EC cultures were found to
behave as a density-dependent population with respect to DNA synthesis, useful to study cell growth
and endothelial regeneration. In addition, the effluent of the umbilical vein contained small clusters of
rounded cells, which adhered to the surface, was cultured and spread in the form of small epithelioid
clusters within the first 2-6 hours. These agglomerations increased in size and gradually coalesced to
form incomplete monolayers in 3-5 days [29]. Since 1974, reports on EC isolation emerged, aiming to
study EC physiology, most based on the descriptions made by these two authors [32,41,42,46–48].

EC tend to be quiescent in vivo. However, after injury, they can change their phenotype,
migrate and proliferate to heal the lesion in a few days. Much progress has been achieved, due to the
culture of these cells, even though the culture process may introduce certain artifacts, cause the loss
of specific functions and introduce new metabolic characteristics, which are not present in vivo [9].
For example, in vitro growth rate far exceeds in vivo rate. However, HUVEC cultures have led to
many interesting findings, such as the identification of nitric oxide (NO), the relaxation factor derived
from the endothelium [49].

3.3.2. HUVEC Cultures

Once the EC have been isolated, they should be kept in a suitable medium that allows them to
grow and reach confluence, either to study metabolic functions, or to be used as an in vitro model in
different investigations. Table 2 summarizes the reagents and conditions necessary for their culture,
according to the most relevant reports on the subject.
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Table 2. HUVEC culture conditions.

Culture Medium Additional
reagents

Temperature and
humidity

Periodicity of
change of medium

References

TC199 FBS, penicillin (200
U/ml),
streptomycin (200
µg/mL),
L-glutamine
(2mM).

37◦C, 5% CO2 Twice a week [28]

M199 15 mg/L of HEPES,
penicillin (60
mg/mL),
streptomycin (129
mg/mL), 20% of
FBS

37◦C, 5% CO2 Every 48 hours [29]

M199 or RPMI
1640

HEPES 25mM, 20%
of FBS, L-
glutamine (0.3
mg/mL), penicillin
(100 U/mL),
streptomycin (100
µg/ mL) and
anti-PPLO agent
(0.03 mg/mL).

37◦C, 5% CO2. Twice a week [41]

Minimum
Essential Medium
Eagle

10% of FBS,
L-glutamine (1%)

37◦C, 5% CO2. Every 72 hours [46]

M199 20% of FBS,
penicillin (100 UI/
mL), streptomycin
(100 µg/mL) y
L-glutamine (2
mM), ECGF.

37◦C, 5% CO2. Every 48 hours [42]

MCDB 131 20% of FBS,
penicillin and
streptomycin (50
U/mL-50 U/mL), 20
µg/mL of ECGF,
heparin (16 U/mL).

37◦C, 5% CO2. Every 72 hours [50]

M199 20% of FBS, 1 mL of
penicillin-streptomycin
(10,000 U by 10,000
U).

37◦C, 5% CO2. Every 48 hours [11]

M199 20% of FBS, 50 µg/
mL of ECGF, 50 µg/
mL of heparin,
L-glutamine
(2mM), penicillin
(100 U/mL),
streptomycin (100
µg/ mL),
amphotericin (2
µg/mL).

37◦C, 5% CO2. Twice a week [43]

Abbreviations: FBS, fetal bovine serum; CO2, carbon dioxide; HEPES, (4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid); ECGF, endothelial cell growth factor; PPLO, pleuropneumonia-like organism.
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3.3.3. Isolation and Culture of HUVEC Conditions

Umbilical Cord Collection and Conservation

According to different authors, umbilical cords should be collected from full-term infants,
ideally delivered by natural birth, from healthy mothers, after an uncomplicated pregnancy, and should
be free of hepatitis or human immunodeficiency virus (HIV) infection [42]. In some studies, the authors
specify whether they used cords collected from natural births [51–53] or cesarean sections [29,54–57].
Occasionally, cords from pregnancies of mothers with certain diseases or traits may be required,
for example, HUVEC from infants with mothers who developed gestational diabetes have been used
for genetic, epigenetic, and proteomic studies of the effects of T2D on EC [58,59].

Although the HUC is formed during the fifth week of gestation, the bioenergetic capacity
and immune response of HUVEC, obtained from preterm (<37 weeks of gestation) and full-term
infants (37–40 weeks of gestation), are different [60–64]. HUVEC, obtained from preterm infants,
show an impaired mitochondrial bioenergy capacity, and increased production of reactive oxygen
species (ROS) [64]. Illsinger et al. demonstrated that HUVEC mitochondrial enzyme activity changes
lead to decreased viability of cells obtained from preterm cords [62]. In addition, the expression of
selectins is lower in preterm HUVEC as compared to full-term HUVEC [60,61,63]. All these alterations
affect endothelial function [60–64]. Therefore, it is not recommended to use HUVEC obtained from
preterm infants for the study of CVD.

The cord must be collected and transported under appropriate conditions. Many authors agree
that optimal storage and transportation temperature is 4◦C. Moreover, best results are obtained when
the umbilical cords are processed between 10 and 24 hours after collection [32,42], although comparable
success rates have been obtained when umbilical cords are processed up to 48 hours after birth [65].
One of the first tissue conservation studies was carried out in 1949 by Peirce et al., who reported
that refrigerated tissues retain their viability for a certain time, depending on the type of tissue,
size, oxygen availability, storage temperature and other factors [66]. Lower temperatures decreased
the demand for oxygen; thus, tissues preserved at 0◦C were able to survive for a certain period of time
in oxygen-deprivation conditions. Other studies have reported that different tissues can be conserved
in Ringer’s solution or saline solution at temperatures between 3◦C to 6◦C. The preservation of blood
vessels in serum or blood is also satisfactory for short periods of time; the ideal preservation medium
must contain physiological concentrations of salts, buffer, glucose and small accessory molecules
present in serum [50]. Finally, umbilical cord length is a parameter to consider, as some authors suggest
the cord should be discarded if it is shorter than 12 cm in length or has damaged areas, as this could
result in a low number of isolated cells. Similarly, if the cord has clots, it is recommended not to force
them out and to cut the affected section [66].

HUVEC Culture Considerations

HUVEC culture success depends on many factors. According to Gimbrone et al., one-third of 200
processed cords failed to reach confluent densities, and growth initiation seems to be related to the
presence of multicellular aggregates in the venous effluent [29]. Various factors may decrease HUVEC
viability and lead to culture failure. In this sense, Marin et al. proposed some recommendations before
HUVEC isolation [42]:

a) Heat the sterile transport buffer in a water bath at 37 ◦C. This will prevent thermal shock disabling
cell growth.

b) Prepare a sterile area in a laminar flow hood. This will prevent bacterial and fungal contamination
of both reagents and cultures.

c) Before starting the isolation procedure, it is desirable to identify the human umbilical vein.
Umbilical arteries are more rigid and difficult to dilate (Figure 1A,B).

d) It is recommended to store collagenase in 10–12 mL aliquots at -20 ◦C to avoid denaturation.
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e) The culture flasks must be previously covered with gelatin or fibronectin to ensure cell adhesion.

The culture medium supplies amino acids used for protein synthesis in cell culture. The most
used medium is M199 (Table 2). However, MCDB 131 medium with high levels of magnesium
(10 mM) increases cell proliferation two to three-fold, as compared to M199 medium (1.6 mM).
Artificial media containing growth factors are also efficient [42]. The use of enriched media, such
as M199 or Dulbecco-Vogt medium is ideal for promoting cell growth, but glutamine deficient
media or minimum essential medium of Eagle are not suitable for the cultivation of HUVEC [42].
HUVEC can survive in an FBS-free medium for up to 12 h without losing their phenotypic characteristics.
However, in experiments taking longer than 24 hours, the absence of growth factors promotes apoptosis.
This can be avoided by using an enriched medium, but with a low concentration of proteins, such as
the commercial medium Ultroser G at 1% in M199 without FBS where HUVEC can survive for 48 h [29].
For optimal growth, freshly isolated cells require medium supplemented with 20-30% of FBS, although
10% FBS is sufficient to maintain the growth density of primary cultures and subcultures [11].

Vascular endothelial growth factor (VEGF) or vasculotropin supplementation stimulates the
selective growth of EC in serum-free medium. To date, it is the only EC-specific growth factor.
VEGF is an angiogenic growth factor, stable to heat and acidic environment, belonging to a small
family of chemically similar dimeric heparin-binding glycoproteins with an approximate molecular
weight of 46 kD [67]. This factor is essential in the development and formation of blood vessels in
mammals, both in normal and pathological conditions. It is a highly selective and potent mitogen for
EC [49]. The concentration of FBS and growth factors can modify the synthesis of some EC molecules;
particularly, progressive deprivation of FBS decreases the secretion of IL-8 into the medium [42].

Heparin, a sulfated mucopolysaccharide, increases EC proliferation in the presence of
heparin-binding growth factors, such as endothelial cell growth factor (ECGF) [42]. In 1983 heparin
was used for the first time in culture to enhance the stimulatory effect of ECGF for HUVEC proliferation.
It is likely that heparin binds to the cell surface, where it facilitates intracellular communication and
accessibility to membrane receptors [68]. Heparin concentrations used in HUVEC cultures vary from
10 µg/mL to 90 µg/mL [35,43,50,59,68–71].

Finally, the use of fibronectin or gelatin in the culture is very important because it enhances
cell adhesion, while ECGF supplementation and serum-enriched medium allow long-term growth.
Under these conditions, it was possible to perform 15 to 21 passages before HUVEC became
quiescent, while cultures without these elements ceased their growth after the second passage [72].

3.4. Advantages and Disadvantages of the HUVEC Model

An in vitro model must be accessible, easy to handle, reproducible and in accordance with
an appropriate ethical framework. It must also reproduce the pathophysiology of the human disease
to be studied as accurately as possible. In this sense, HUVEC more faithfully represents human EC
behavior as compared to cell lines [73]. The HUVEC model is physiologically representative of the
human vascular endothelium, allowing the study of the physiological and pathological effects of
different stimuli both in an isolated form, and in co-culture with other cell types, such as leukocytes and
smooth muscle cells [72]. It is also useful to study the effects of novel drugs on human endothelium [74].
Moreover, a recent innovation in gene editing provides the opportunity to study the effects of specific
mutations in EC [1,34]. Most importantly, the HUVEC model has been useful to study a broad array of
biological processes and diseases, such as inflammation, apoptosis, preeclampsia, cancer, CVD and
regenerative medicine [12,13,49,58].

Among technical advantages, cultured HUVEC are subject to contact inhibition and limitations in
growth density, as cell proliferation is strongly inhibited once the culture has reached confluence [75].
Moreover, because different components of the extracellular matrix can promote the formation of
capillary-like structures in HUVEC cultures, they are useful as angiogenesis models, although they do
not reflect all the steps of physiological angiogenesis. These models are simple, particularly suitable for
in vitro screening of angiostatic molecule activity and can also be used to evaluate the ultrastructure of
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capillary formation, matrix synthesis of EC or the role of adhesion molecules in the process of tubular
morphogenesis. They are also useful to functionally characterize EC lines, to study the putative role
of adhesion molecules (such as E-selectin, platelet endothelial cell adhesion molecule [PECAM-1],
cadherin-5 and proteases), the synthesis of extracellular proteins and blood vessel maturation [37].

Because the HUC is fetal and not maternal tissue, gender differences must be considered.
Umbilical cord cells are subject to the effect of hormones produced by the fetal gonad in addition
to maternal hormones. In fact, various studies have shown gender differences in male and female
umbilical cords regarding gene expression, protein expression, cell viability after serum starvation,
tube formation capacity, autophagy, intracellular ATP and metabolite levels, oxidative stress and
angiogenesis [76–79]. Sexual dimorphism shown by HUVEC indicates that sex differences exist in
prenatal life and are parameter-specific, suggesting that HUVEC of both sexes should be used as
a model to increase the quality and the translational value of research. The sex differences observed
in HUVEC could be relevant in explaining the adulthood diseases because endothelial dysfunction
has a crucial role in the pathogenesis of diabetes mellitus, cardiovascular, neurodegenerative and
immune disease [76]. Among possible disadvantages, while it was initially assumed that EC were
homogeneous, it is now known that vascular cells show a high degree of heterogeneity, allowing
biological adaptation to local needs [80]. In addition, the EC growth rate is much higher in vitro than
in vivo; although this can be controlled using inhibitors and growth factors to make them quiescent [49].
Finally, the lifespan of HUVEC is approximately 10 passages, although some authors affirm that these
cells lose their primary characteristics and ability to respond to stimuli after passage 6. Although
HUVEC can be maintained in culture for up to five months, one of their main disadvantages is that
they are not suitable for long-term experiments [75].

4. HUVEC Identification

The vascular endothelium is characterized by heterogeneity of morphological and functional
aspects, cell activation marker proteins and response to growth factors.

4.1. Morphological Description

The morphology of HUVEC was first characterized by Jaffe in 1973. After five days of culture,
EC grew, forming a monolayer with a poorly defined spiral pattern. The cells were homogeneous,
closely opposite, long and polygonal with an oval nucleus in the center. Contrast microscopy revealed
that the cell borders were different, and in some areas, interdigitations connecting separated cells
appeared. TEM observations showed homogeneous flat cells, 30x50µm in size, that grew in a monolayer
with varied edges and prominent nuclei. EC observed by TEM in situ in the umbilical cord vein,
were thin and flat with pinocytic vesicles and several cytoplasmic vesicles. The cytoplasm also contained
clusters of free ribosomes, smooth and rough endoplasmic reticulum, agglomerations of fine filaments
and prominent microtubules [28]. Additionally, the cytoplasm of these cells contained numerous oval
rod-shaped bodies, described previously by Weibel and Palade (WPB) [45]. HUVEC form a uniform
monolayer of polygonal cells in approximately one week. They are characterized as EC by the presence
of WPB, pinocytic vesicles, small amounts of 100 Å fibrils located near the nucleus, mitochondria
with tubular shapes which rarely showed ramifications, an ellipsoid nucleus with a fine granular
pattern of condensed chromatin and one to three nucleoli present in each nucleus [81]. As primary
EC cultures grow and expand, cell-cell contacts are created and always appear circumscribed by a
basement membrane layer. After three to four weeks, the cells acquire their typical endothelium
form in a confluent monolayer, that is, in a hexagonal or cuboidal form with long, round and
slightly overlapping nuclei (Figure 3). If the cells remain in confluence, the monolayer decreases and
elongated rather than cuboidal cells are observed [82]. Other exclusive ultrastructures found in EC
are prominent nucleoli, perinuclear regions rich in mitochondria, endoplasmic reticulum and Golgi
complexes, micropinocytic vesicles and the presence of abundant microfilaments in the cytoplasm [29].
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The peripheral cytoplasm shows complex interdigitations with adjacent cells, often forming small
spaces in cross-sections [82].Appl. Sci. 2020, 10, 938 10 of 26 
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Figure 3. Microscopy view of HUVEC. 40X. The photomicrograph shows the morphological
characteristics of endothelial cells (EC) from the human umbilical vein. A confluent monolayer
in a hexagonal or cuboidal form with large nuclei is observed.

The WPB are ovoid rod-shaped granules, with a membrane containing parallel arrangements of
6–26 tubular structures, of approximately 150 Å width. These are deposit organelles for factor VIII,
rarely found in microcapillaries. The density of WPB in EC decreases depending on the distance
from the heart [49]. These structures are used to identify cultured cells as endothelium, since these
organelles have not been found in fibroblasts or smooth muscle cells [29].

EC have also been described as confluent cobblestone-shaped layers [11,49], simulating the
morphology of the endothelium in vivo. When the culture has been maintained for long periods of
time, the monolayer begins to disorganize. Likewise, cobblestone morphology can also be affected
by exposure to a dynamic flow [11]. Thus, shear stress can induce elongation of the cells in the flow
direction. Another important feature of EC is their ability to form capillary-like structures when placed
in a Matrigel matrix, fibrin or collagen, and stimulated with serum or growth factors [49,83].

Even though EC show numerous morphological characteristics, EC identification cannot be
achieved by optic microscopy examination alone. WPB can be identified only by electron microscopy,
and are often difficult to locate, so the identification of other factors mentioned below is suggested.

4.2. Cellular Markers

Different cell markers can be identified in the cytoplasm or EC membrane. Some are expressed in
all EC, such as CD31 and factor VIII (Figure 4), while others are tissue-specific. The most relevant EC
markers are described below.
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4.2.1. Protein Markers

Platelet endothelial cell adhesion molecule (PECAM-1, endoCAM or CD31). CD31 is a glycoprotein of
the immunoglobulin (Ig) superfamily. This protein is found in the EC membrane, near the intercellular
junctions. Its main function is to regulate the EC-EC and EC-leukocyte adhesion [84]. It is a universal
endothelial marker, used for microcapillary count in tumor samples [49]. However, CD31 can also be
expressed by monocytes and some leukocyte populations [85]. It can be identified by flow cytometry
or by immunofluorescence [86,87].

CD36. Also known as platelet glycoprotein IV, this receptor is an 88 kD transmembrane
glycoprotein with a large extracellular domain and serves as an adhesion receptor for thrombospondin-1,
among others. Originally found in platelets and monocytes, it is also expressed in microvascular cells,
but not in large capillary vessels [88,89]. Likewise, it has been identified not only in the endothelium,
but also in monocytes and certain types of epidermal cells [89].

CD34. The CD34 human progenitor cell antigen is a 115kD monomeric glycoprotein that is
selectively expressed in hematopoietic progenitor cells of the spinal cord, EC, and in numerous
non-hematopoietic tissues, including skin [90], leukemic cells and stem cells [91]. Several studies have
described the expression of CD34 in EC of capillaries, arteries, veins, arterioles and venules, as well as
in smooth muscle cells of the aorta and some fibroblasts. This marker is commonly used to identify EC
by immunohistochemistry [49,91].

CD144. Also known as VE-cadherin, it belongs to a group of transmembrane glycoproteins
that promote calcium-dependent cell-cell hemophilic contact. VE-cadherin is specifically found at
interendothelial junctions [92], necessary for vascular genesis and repair of vascular disease [93].
This protein is also used as an endothelium marker [49], guarantees the maturity of the cell-cell
junctions and the homogeneity of HUVEC [57].

Intercellular adhesion molecule 1 (ICAM-1) and Vascular cell adhesion molecule 1 (VCAM-1).
Both molecules are members of the immunoglobulin superfamily and are involved in EC adhesion.
ICAM-1 mediates leukocyte adhesion to the endothelium via lymphocyte function-associated
antigen 1 (LFA-1), and to monocytes and neutrophils via macrophage-1 antigen (Mac-1). VCAM-1
mediates adhesion of mononuclear cells to the endothelium via two ligands of the integrin family,
called integrin-α4β1 and activated integrin-α4β7 (or VLA-4) [94]. These endothelial markers can be
identified using monoclonal antibodies: Anti-CD54 for ICAM-1 and anti- CD106 for VCAM-1 [11,49,95].
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Endothelin-1 (ET-1). ET-1 is a potent vasoconstrictor peptide with both paracrine and local effects.
ET1 levels have been found to be increased in certain pathological conditions, such as hypertension,
uremia and cardiogenic shock [96]. It is the only endothelin produced by EC. ET-1 immunoreactivity is
detected in EC supernatants by radioimmunoassay or by enzyme-linked immunoabsorption assay
(ELISA) [49].

E-selectin and P-selectin (E and P). E and P selectins are adhesion molecules found in EC. They belong
to the family of calcium-dependent lectins responsible for supporting initial leukocyte adhesion
and extravasation through carbohydrate recognition [97], and mediating leukocyte adhesion under
conditions of shear stress [98]. Adhesion is mediated by the expression of integrins in leukocytes
and carbohydrate-containing counter-receptors expressed by EC [84]. E-selectin, considered a cell
activation marker, mediates the initial low affinity interaction between leukocytes and the vascular
endothelium, a process known as rolling. This protein is expressed exclusively in EC when stimulated
with inflammatory cytokines [97]; however, it can promote the adhesion of leukocytes on multiple cell
types [99]. P-selectin mediates the formation of activated platelet rosettes on leukocytes [98].

Factor VIII antigen or von Willebrand Factor (vWF). Factor VIII antigen is perinuclear and has been
associated with WPB. The vWF is synthesized by vascular EC and is considered as a specific endothelial
marker. It is normally expressed in EC, although expression is dramatically reduced in damaged vascular
cells [49,93]. vWF expression tends to decrease with each passage, reaching a staining percentage of
93%, 77% and 63% in passages 3, 9, and 11, respectively. vWF detected by immunohistochemistry can
be used for EC identification, and to check junctional maturity and HUVEC homogeneity [57,84].

Claudin-5. EC express VE-cadherin at adherent junctions and claudin-5 at tight junctions.
Claudin-5 mediated adhesion is independent of calcium. It is a marker for other EC, such as endothelial
dermal cells of the microvasculature [100]. Claudin-5 can be detected by immunofluorescence
microscopy [101].

Integrin αvβ3. Integrin αvβ3 is a receptor for extracellular matrix proteins, such as vitronectin,
fibronectin and vWF, expressed in EC. It is considered as a marker of angiogenesis [88], and its main
action is to maintain the integrity of the blood vessel wall. This protein can be identified by flow
cytometry using CD51/61 monoclonal antibodies [84].

4.2.2. Enzymes

Angiotensin-converting enzyme (ACE). This enzyme catalyzes the conversion of angiotensin I into
the vasoactive angiotensin II peptide and is responsible for bradykinin catabolism. The presence of this
enzyme can be demonstrated by indirect immunofluorescence microscopy. In addition, its enzymatic
activity can be measured in conditioned media, using chromogenic or fluorogenic substrates [49].

Endothelial nitric-oxide synthase (eNOS). The expression of the constitutive endothelial form of
nitric-oxide synthase (eNOS) can be monitored at different levels: (a) at the gene level by RT-PCR; (b) at
the protein level by immunohistochemistry in subconfluent monolayers; and (c) by Western blot in cell
lysates. Basal eNOS activity and activity in response to specific stimuli with bradykinin, substance P
or VEGF, can be evaluated by the conversion of L-[3H]-arginine into L-[3H]-citrulline, both in cell
lysates and in subconfluent monolayers, or by measuring nitrite accumulation in supernatant [49].

4.2.3. Other Markers

ABH antigens. EC contain ABH antigens specific to the donor’s blood type tissue, while connective
tissue and smooth muscle lack this antigen system. The agglutinin of a plant called Ulex europaeus is
used to identify these antigens [11]. HUVEC express the H antigen, whereas, smooth muscle cells and
fibroblasts lack this antigen system [28].

Dil-conjugated acetylated low-density lipoproteins (Dil-Ac-LDL). In this assay, cells are incubated in the
presence of acetylated low-density lipoproteins (Ac-LDL), where uptake is monitored by fluorescence
microscopy. This technique can be used to verify the presence of endothelium, but not of vascular
smooth muscle cells. This marker is constitutive, and can be modulated in vitro, depending on
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confluence state of the culture [11,49]. The lipoproteins are labeled with a fluorescent probe containing
the compound 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate or Dil, a highly
lipophilic molecule that can be incorporated non-covalently in lipoproteins. Once a lipoprotein
containing Dil is assimilated by a cell, the probe accumulates in lysosomal membranes [102].
The advantage of using LDL metabolism as a marker is that viable EC can be labeled, without
the need to fix or permeabilize these cells [93].

Prostacyclin release (PGI2). Prostaglandins are products of the arachidonic acid metabolic pathway,
synthesized by various tissues, including vascular EC. PGI2 is a potent vasodilator that relaxes the
vascular tone of smooth muscle in arteriolar terminals [103]. Prostaglandins are involved in acute
inflammation binding G proteins [104]. The production and release of PGI2 in HUVEC culture
supernatant can be measured by commercial radioimmunoassay kits, such as 6-keto-prostaglandin
F1α (6-keto PGF1α) [49].

Tube-formation assay. The Matrigel basement membrane is a solubilized extract of the extracellular
matrix of Engelbreth-Holm-Swarm (EHS) sarcoma [105]. It has two main components: Laminin and
type IV collagen, but also contains proteoglycans with heparan sulfate chains, entactin (nidogen-1)
and some other minor components. The Matrigel is used to form a substrate or a three-dimensional
gel, in which the EC form tubules that simulate the microanatomic cellular relationships that are
generated in vivo [67]. This assay is used to assess the angiogenic capacity of the EC by the formation
of tubular structures using different microscopy techniques, such as digital microscopy in low power
fields [53], fluorescence microscopy [93], inverted microscopy [106,107], and reverse phase contrast
microscopy [108].

5. HUVEC Model Applications

Thorough understanding of human physiological and pathological conditions requires the use of
different experimental models. The HUVEC model can better represent some aspects of human disease
as compared to animal models. The most relevant HUVEC model applications in cardiovascular and
metabolic diseases are described below (Figure 5).Appl. Sci. 2020, 10, 938 14 of 26 
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5.1. Cardiovascular and Metabolic Diseases

CVD are the leading cause of death in the world. These diseases affect the structure and/or
function of the heart and blood vessels, and include highly prevalent disorders such as hypertension,
atherosclerosis and myocardial infarction, among others [1,4,109,110]. Several metabolic risk factors
involved in the development of CVD, such as hypercholesterolemia and diabetes promote EC
dysfunction [4,109,111]

5.1.1. Hypertension

Hypertension is a chronic and multifactorial disease [1]. In recent years, its incidence has increased,
and onset occurs at earlier ages. This disease induces endothelial dysfunction by decreasing the secretion
of NO and endothelin in EC, which causes arterial vasoconstriction and favors apoptosis [74,112].
Although there has recently been great progress on the knowledge of hypertension, the molecular
mechanisms underlying endothelial injury are not fully understood. Some relevant findings achieved
in HUVEC models are described below.

MicroRNAs are short non-coding RNAs that regulate gene expression at the post-transcriptional
level by binding to sequences in the 3’UTR region of their target mRNA [112–114]. In a recent
study, patients with hypertension showed increased microRNA-34a expression in peripheral blood
as compared to controls [115]. MicroRNA-34a inhibition in HUVEC promoted proliferation,
migration, and G1-S transition of EC. Bioinformatic analyses predicted that mRNA of the transforming
growth factor β-induced factor homeobox 2 (Tgif2) is a microRNA34-a target, suggesting the potential
use of microRNA-34a as a diagnostic biomarker [112].

Zofenoprilat is known to inhibit the action of the angiotensin-converting enzyme, a therapeutic
target in CVD. Using a HUVEC model, Monti et al. demonstrated that this drug also induces H2S
production and decreases the expression of proinflammatory genes involved in the recruitment
of inflammatory cells and platelets in the vascular endothelium. The authors conclude that
zofenoprilat exerts a protective effect for the endothelium by multiple complementary mechanisms,
thus, proposing this drug as one of the first choices for treatment of CVD [74].

Finally, HUVEC models have been very useful to evaluate the protective effect of
several drugs on the endothelium, such as sodium nitroprusside [116], safflor yellow B [117],
resveratrol, piceatannol, and astringin [118], and have been useful to create new therapeutic and
prevention strategies [116–118].

5.1.2. Atherosclerosis

Atherosclerosis is a chronic inflammatory disease characterized by the accumulation of low-density
lipoproteins (LDL) and immune cells in the subendothelium, resulting in the formation of an
atherosclerotic plaque. At early stages, morphological changes in the endothelium can be regulated by
interaction with hemodynamic forces [2,3,111,119]. The distribution of blood flow in different arterial
regions produces shear stress (SS): High laminar and constant (LSS) and oscillatory and low (OSS).
The first induces an atheroprotective phenotype in the EC, while the latter confers a pro-atherogenic
phenotype [2,5,111,120,121]. The expression of atherosclerosis-related genes can be downregulated or
upregulated, depending on the type of flow [120,122,123].

Sheikh et al. developed a system using the HUVEC model to study the effect of SS, since these
cells can recruit different types of leukocytes in response to stimulation with tumor necrosis factor
alpha (TNF-α). An advantage of the system is the ability to grow multiple samples in parallel and
expose the EC to different flow types [124].

The ATP-Binding Cassette Transporter A1 (ABCA1) transporter is a transmembrane protein with
flopase activity. This activity transfers phospholipid phosphatidylserine (PS) from the inner to the outer
membrane layer in response to activation stimuli or cellular stress. These mechanisms are essential
for microvesicle (MV) biogenesis. Vion et al. demonstrated that LSS decreases endothelial-derived
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MV (EMV) formation in HUVEC. This decrease results from endogenous NO release and ABCA1
expression downregulation. OSS has an opposite effect, causing loss of phospholipid asymmetry in
the membrane increasing EMV production. EMVs have been proposed as biomarkers of endothelial
dysfunction, and high EMV plasmatic concentrations are associated with CVD [5].

SS regulates the expression of different genes, for example, the HoxB9 gene. It has been reported
that HoxB9 gene expression is induced by OSS in HUVEC [122]. Finally, HUVEC cultures have
been used to study the pro- and anti-atherogenic effect of several molecules, such as arsenic and
saikosaponin, in the early stages of atherosclerosis [125,126].

5.1.3. Hypercholesterolemia

Hypercholesterolemia is considered one of the main risk factors for the development of
atherosclerosis [2,6,119,127,128]. The atherogenic endothelial phenotype has higher permeability to
circulating LDL. Oxidized LDL accumulate in the subendothelial space and initiate a local inflammatory
response [2,3,6,119,128].

HUVEC models have been useful for the identification of new biological markers associated with
hyperlipidemic-induced damage, attempting to achieve early diagnosis [6,128–130]. HUVEC models
have also been useful to identify therapeutic targets, such as microRNA 338-3p. In pathological
conditions, microRNA 338-3p induces apoptosis. It decreases EC viability by binding to the BAMBI
mRNA (BMP and activin receptor membrane-bound inhibitor), a pseudoreceptor that acts as a TGF-β
signaling pathway inhibitor [6].

5.1.4. Diabetes Mellitus

Diabetes Mellitus (DM) is a heterogeneous disorder characterized by a loss in glucose homeostasis
and insulin resistance [131]. DM is a CV risk factor, and hyperglycemia is associated with chronic
endothelium inflammation and endothelial dysfunction [132–137].

HUVEC models have been used to study the molecular mechanisms involved in EC damage
induced by high glucose concentrations. Hyperglycemia has been shown to decrease NO synthesis,
to activate proinflammatory signaling pathways [138–140], to induce changes in the protein expression
profile [141], and to increase the production of ROS [142], leading to apoptosis and endothelial
dysfunction [143]. In contrast, decreasing glucose levels is not enough to turn off the intracellular
pro-oxidant environment; this persistence is called metabolic memory [135].

The use of oral hypoglycemic agents, such as teneligliptin reduces ROS production and
induces overexpression of antioxidant genes. This drug can counteract the apoptotic phenotype
and restore proliferative properties [135]. Other compounds with the same features, such as
osthol [144] and phosphocreatinin [145] have been studied, and have shown similar effects and
benefits. Moreover, high-density lipoproteins (HDL) [136] and microRNA-199a-3p [137] promote EC
proliferation and migration under hyperglycemic conditions, activating different signaling pathways
and promoting repair of the damaged vascular endothelium. These findings suggest that HDL and
microRNA-199a-3p may be considered as potential therapeutic targets [136,137].

5.2. Angiogenesis

Angiogenesis is a hallmark of repair, expansion, and remodeling in physiological and pathological
conditions. This process includes EC activation, migration, and proliferation that ends with
the formation and organization of tubular structures to form new blood vessels [113,146,147].
This mechanism plays an essential role in vascular remodeling during ischemic events [148].
Because the growth of collateral vessels offers an alternative route for irrigation when a coronary
artery is blocked, angiogenesis may decrease myocardial damage and improve prognosis [149].
HUVEC models have been used to study the molecular and signaling pathways involved in this
process [150–154]. Pro-angiogenic factors are known as potential therapeutic agents to treat ischemic
heart disease and protect EC in the arteries [108,150–156].
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Voellenkle et al. identified 400 microRNAs differentially expressed in HUVEC associated with
angiogenesis under hypoxic conditions [157]. MicroRNA-939 is negatively regulated in patients with
coronary artery disease, and this reduced expression is associated with increased coronary collateral
circulation [149]. The authors suggest these microRNAs are potential biomarkers and therapeutic
targets in ischemic heart disease.

Finally, HUVEC models have been used to assess the pro-angiogenic effect of proteins, such as
irisin [108], and drugs, such as Evolocumab [148], metformin [155], and cilostazol [156] which may
offer additional therapeutic benefits in CVD.

5.3. Other applications

5.3.1. Extracellular Vesicles

Extracellular vesicles (EVs) are anuclear vesicles surrounded by a membrane, classified according
to biogenesis and size. Based on size, EVs can be classified as exosomes (40–100 nm), microvesicles
(100 nm -1 µm), or apoptotic bodies (> 1 µm) [158–160]. EVs have been proposed as vectors of
intercellular communication, with important roles under physiological and pathological conditions,
including CVD. EVs transport bioactive molecules, such as proteins, lipids, and nucleic acids that can
regulate different cellular processes and signaling pathways [159–162].

HUVEC have been used to evaluate how different stress conditions affect EVs composition,
production, or content, as well as their communication with other endothelial or other cell
types [5,161–164]. HUVEC exposed to high glucose concentrations increased EMV production
and induced changes in their composition and functionality [162,165], contributing to endothelial
dysfunction development and progression. Moreover, TNF-α stimulation of HUVEC caused changes
in EVs protein [163,166–169], and microRNA expression [168–170]. These changes induced functional
alterations in the recipient cells, suggesting that EC-derived EVs have a vital mediator role in CV
homeostasis [140,163–170].

5.3.2. Stent Use

Stents are prostheses with antithrombotic and antiproliferative properties, that can be inserted in
narrowed coronary arteries promoting the regeneration of healthy endothelium. They are used as an
alternative treatment for coronary artery obstruction. However, the two main complications of stent
implantation are restenosis and thrombosis [110,171,172]. HUVEC models have been used to explore
ways to prevent these complications.

Tirofiban was found to improve EC migration and proliferation in bioabsorbable stents using
a HUVEC endothelial model [172]. Several studies in the HUVEC model have shown that coating stents
with other polymers can reduce the risk of complications [173–175]. Beshchasna et al., reported that
HUVEC incubated with titanium oxynitride (TiOxNy) coated discs showed lower metabolic activity
after 48 hrs as compared to HUVEC treated with uncoated discs. They also reported that stents
covered with TiOxNy have a lower rate of deposition of salts and albumin; stating that this compound
is highly recommended for that purpose [174]. Finally, Yang et al., proposed that organoselenium
compounds generate NO in a HUVEC model. Coating stents with this bioactive compound provided
a microenvironment capable of mimicking the endothelium and promoting endothelial recovery of the
luminal surface of the stent [175].

6. Conclusions

The isolation and characterization of HUVEC, and HUVEC-based models have transformed
vascular biology achieving very significant advances in various fields of science. HUVEC as a model
to study the endothelium has greatly facilitated the study of CVD. Although HUVEC studies do not
replace animal models, they offer advantages and benefits in basic research and in the development of
new therapies and diagnostic methods.
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