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Abstract

The vascular system originated around 600 million years ago. Endothelial cells evolved between 540 and 510 million years
ago, and endothelial heterogeneity also developed. In invertebrates, two typologies have been described, the so-called open
and closed systems, whereas in vertebrates only a closed system is present. In mammals, the presence of smooth muscle
cells in the walls of small arteries regulates blood pressure and distribution to different organs; capillaries are involved in the
exchange of gasses and metabolites; veins return the blood to the heart, whereas lymphatic vessels collect interstitial fluids
and white blood cells and are in continuity with the venous system. Endothelial heterogeneity is the consequence of the dif-
ferent interactions of endothelium with the organ and tissue microenvironment including stromal cells, which is mediated by
soluble factors or cell-cell/cell-extracellular matrix interactions leading to a particular phenotype of the endothelium. In this
context, the heterogeneity of endothelial cells reflects specific responses to different microenvironments and their speciali-
zation to perform different functions, leading to different subsets of endothelial cells with unique gene expression patterns.
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Open and closed circulatory systems

The vascular system originated around 600 million years
ago. Endothelial cells evolved between 540 and 510 million
years ago, and endothelial heterogeneity also developed [22].
In invertebrates, two typologies have been described, the so-
called open and closed systems, whereas in vertebrates only
a closed system is present. In the open circulatory system,
occurring in arthropods (e.g., insects and crustaceans) and
non-cephalopod mollusks (e.g., clams, snails, and slugs),
the blood called hemolymph mixed with the interstitial fluid,
pumps into the body cavity called hemocoel surrounding
the different organs, allowing gas and nutrient exchanges
[20], and then returns in the ventricle (arthropods) or via
the atrium (mollusks) through openings called ostia [7]. The
hemocoel is bordered not by mesoderm-derived mesothelial
cells, but rather by the basal surface of the tissue cells them-
selves. Tissues are in direct contact with the hemolymph
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during gas and nutrient exchanges. In these animals, the
mesoderm forms coelomic cavities during embryogenesis.
However, the cavities and their cell lining regress in adults.
Some populations of mesodermal cells reaggregate and form
blood vessels (e.g., dorsal vessels in insects).

The closed circulatory system is present in different
invertebrates including annelids, cephalopods (e.g., octopus
squid), and non-vertebrate chordates, as well as in verte-
brates. In closed systems, the blood remains inside distinct
channels, where it is physically separated from the inter-
cellular fluid, body cells, and coelom. The blood contained
inside blood vessels moves unidirectionally from the heart
to the different organs and then returns to the heart again.
Blood does not directly contact tissues during gas and nutri-
ent exchanges. Birds, having a closed circulatory system,
are thought to have moved more agilely, allowing them to
obtain food faster and possibly to prey on the insects [32].
In vertebrates, different closed circulatory systems are rec-
ognizable. In detail, fish have two-chambered hearts with
unidirectional circulation; amphibians and most non-avian
reptiles have three-chambered hearts with double circula-
tion; mammals and birds have four-chambered hearts with
double circulation.
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In mammals, the presence of smooth muscle cells in the
walls of small arteries regulates blood pressure and distri-
bution in different organs; capillaries are involved in the
exchange of gasses and metabolites; veins return the blood
to the heart, whereas lymphatic vessels collect interstitial
fluids and white blood cells and are in continuity with the
venous system.

The evolution of endothelium

In most invertebrates, the luminal side of the vascular chan-
nels is not covered by cells, but it is lined by a mesodermal
matrix [25, 28]. Some invertebrates have an incomplete
lining of endothelial-like cells of mesothelial/epithelial or
myoepithelial origin [25, 39]. The more appropriate term
for this cell type is an amebocyte, representing a type of
circulating hemocyte, which may or not be an evolution-
ary precursor of the endothelial cell. Amebocytes are not
connected by intercellular junctions typical of vertebrate
endothelial cells [21].

An endothelial cell is defined as one covering the lumi-
nal space of the vessels, forming a continuous layer having
a basal luminal polarity with the apical surface facing the
lumen [22]. Specialized junctional complexes keep these
cells adherent to each other [25]. The endothelial cells are
not a passive mechanical barrier but can selectively regu-
late the transit of molecules and water, and control coagula-
tion, contractility, inflammation, and immune response [24].
Endothelial cells are also the first line of contact with blood
flowing in the lumen. In this context, the role of flow in
regulating endothelial cell morphology is relevant. Changes
in shear stress induce the polarization of endothelial cells,
which involves changes in cell orientation in the direction
of blood flow [4]. Fluid shear stress also triggers activation
of specific transcription factors [43].

Primitive endothelium and blood cells share a common
progenitor called the hemangioblast [40] that are related
to ancient blood-derived cells called amebocytes [25, 31].
Hemangioblast originates from the mesoderm, mainly in
areas closer to the endoderm and in the aorta—gonad—meso-
nephros region. Direct evidence of the existence of heman-
gioblasts has been reported [8, 26]. These cells are also
thought to be the precursors of thrombocytes, suggesting
a close relationship between endothelial cells and throm-
bocytes [19].

Vasculogenesis, i.e., the formation of blood vessels
starting from mesodermal precursors namely angioblasts,
leads to the formation of the first major intra-embryonic
blood vessels, such as the dorsal aorta and the cardinal
veins, and the formation of the primary vascular plexus in
the yolk sac [33]. The isolation of putative bone marrow-
derived endothelial progenitor cells (EPCs) has stimulated
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research into the nature of these cells and their use for
regenerative medicine applications [3].

Angiogenesis is defined as a new blood vessel sprout-
ing from preexisting vessels. This can be accomplished
through endothelial sprouting or non-sprouting (intussus-
ceptive) microvascular growth (IMG) [33, 34]. This latter
postulated that the capillary network increases its com-
plexity and vascular surface by the insertion of a multitude
of transcapillary pillars, a process called “intussusception”
[10]. After forming a primitive vascular plexus, remod-
eling transforms the plexus into an organized network of
arteries, capillaries, and veins, establishing directional
flow, and the association with pericytes and smooth mus-
cle cells.

In pathological conditions, such as tumor growth, non-
angiogenic growth in the absence of angiogenesis may
occur through alternative mechanisms of vascularization,
namely vascular co-option, in which cancer cells exploit
preexisting vessels, or vasculogenic mimicry, in which the
cancer cells form vascular channels [14, 35].

There is a common number of molecules expressed both
on mesodermal and endothelial cells, including CD44,
prostaglandin E2, angiotensin-converting enzyme, plas-
minogen activator inhibitor, and acetylate low-density
lipoprotein [25]. Adhesion molecules forming intercellu-
lar junctions also characterize endothelial cells, regulat-
ing vascular permeability in different organs [9]. Adher-
ent junctions are common to all endothelial cells, whereas
tight and gap junctions graduate within different vascular
segments [41].

Main proteins investigated to understand endothelial
evolution are vascular endothelial growth factor (VEGF),
its receptor (VEGFR), von Willebrand factor (vWF), and
vascular cell adhesion molecule 1 (VCAMI1) [16, 18,
25]. Various splice isoforms of VEGF-A (VEGF-A 189,
VEGF-A 165, VEGF-A 144, VEGF-A 121), other ligand
members in the family (VEGF-B, VEGF-C, platelet-
derived growth factor, PDGF, fibroblast growth factor-2,
FGF-2, placental growth factor, PIGF), and primary recep-
tors, such as VEGFR-1, VEGFR-2, and co-receptors Neu-
ropilin-1 and -2, have been discovered. These molecules
and their overlapping expression patterns in the developing
and adult vasculature highlighted the complexity of the
vascular system. Other signaling systems closely related
with vertebrate angiogenesis have not been identified in
invertebrate vascular growth. Angiopoietins regulate vas-
cular stability in vertebrates. This family includes four
proteins (Angiopoietin-1-4), which are ligands of two
tyrosine kinase receptors (Tiel and Tie2). Ang-1 activates
Tie2 signaling promoting vessel assembly and stabiliza-
tion by facilitating recruitment and high association with
mural cells and mediating survival signals for endothelial
cells [13].
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Pericytes

The pericytes evolve from myoepithelial cells, as has been
noted in different models, e.g., the avian embryonal aorta,
where the mesothelial cells are subject to epithelial-mes-
enchymal transition and then can go on to express actin
and become muscle cells located inside the arterial wall
[30]. Zimmermann first described the pericytes in 1923
[42], showing that these cells are present around capillar-
ies in a wide range of species, are continuous with smooth
muscle cells of arteries and veins, and that their contrac-
tion controls capillary permeability. Tissues differ widely
in their number of pericytes or endothelial coverage.
Capillaries are associated with pericytes, a multipo-
tent contractile cell type on the abluminal surface of the
endothelial cells, responsible for the secretion of a tissue-
specific basal lamina. The term pericyte has expanded over
time to encompass the description of any resident perien-
dothelial cell. There are both molecular and phenotypic
features that are either distinct to, or in common between,
the following cell types: brain capillary pericytes, arterial,
venous, or lymphatic periendothelial smooth muscle cells,
kidney podocytes, coronary vascular pericytes, liver stel-
late cells, myofibroblasts, dental pulp stem cells [2]. Many
of the specific cell types retain mesenchymal multipotency
into adulthood in multiple species. It is therefore essential
to define the cell type with both molecular markers. For
example, the large transmembrane glycoprotein encoded
by the chondroitin sulfate proteoglycan 4 (CSPG4) gene,
also known as nerve/glia antigen 2 (NG2), a surface prote-
oglycan expressed throughout all stages of pericyte devel-
opment, is also expressed by many multipotent cell types,
such as mesenchymal, keratinocyte, and radial glia stem
cells [5, 6]. The multifunctional nature of pericytes and
their involvement in a complex signaling pathway make
them essential in the homeostasis of the vascular system.

Endothelial heterogeneity

The hagfish display already has heterogeneity anatomical,
functional, and molecular of its endothelial cells [1, 12,
31, 45]. Several studies suggest that endothelial cells are
not genetically committed to an arterial or venous pheno-
type but are plastic and adapt to the expression of the arte-
rial or venous-specific genes based on local environmental
cues [23, 27].

Heterogeneity is the consequence of the different inter-
actions of endothelium with the organ and tissue micro-
environment including stromal cells, which is mediated
by soluble factors or cell-cell interactions leading to a

particular phenotype of the endothelium. In this context,
the heterogeneity of endothelial cells reflects specific
responses to different microenvironments and their spe-
cialization to perform different functions, leading to dif-
ferent subsets of endothelial cells with unique gene expres-
sion patterns [13].

Endothelial cells from distinct vascular beds are differ-
ent and contain subsets of cells expressing unique gene
expression patterns. For example, 15 distinct cell subtypes
have been identified in mouse brain endothelial cells, and
17 distinct cell types have been identified in mouse lung
endothelial cells [15]. Further insights gained from scRNA
studies [17] show that capillary endothelial cells in a tis-
sue are characterized by the greatest heterogeneity in gene
expression pattern compared to arterial, venous, or lym-
phatic endothelial cells.

Organ-specific endothelial cells may actively shape the
local tissue microenvironment by releasing various parac-
rine/juxtacrine factors, namely “angiocrine factors” [31], as
it has been demonstrated in different organs, including the
liver, pancreas, brain, lung, heart, kidney, skin, bone mar-
row [36-38] as well as in pathological conditions, including
cancer [29].

Concluding remarks

As the geneticist and evolutionary biologist Theodosius
Dobzhansky asserted, “Nothing in biology makes sense
except in the light of evolution” [11]. Therefore, all life sci-
ence innovation in the coming decades will rely to a signifi-
cant degree on approaches now being developed by leaders
in evolutionary medicine. Williams and Nesse’s pioneering
1991 review [44] remarked on vulnerability to disease as the
product of evolutionary processes underscoring the impor-
tance of historical, functional, and contextual perspectives
for medicine. Darwinian medicine is the application of mod-
ern evolutionary theory to human health and illness, lying at
the crossroads between theoretical and applied with human
biology, medical anthropology, psychology, and physiol-
ogy. It begins examining the overall concept of evolution-
ary medicine, advancing through a series of topics showing
the scope of impact that evolutionary theory has on medi-
cine today. This approach has permitted important advances
in the understanding of different pathological conditions,
including cancer and autoimmune diseases, as well as in
organogenesis, and the case of the vascular system, as we
have summarized in this article. The vascular system is an
example of how evolutionary analyses of development reveal
that new anatomical structures often arise by co-opting exist-
ing structures and molecular pathways that were established
earlier in the history of life.
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